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Because of the peculiarities of the mycobacteria, acid-
fast bacteria, relatively little is known regarding their 
metabolism. This group, however, has received serious at­
tention since 1882 when Koch isolated the tubercle bacillus 
and proved its pathogenicity. In spite of a voluminous lit­
erature concerning the metabolism of the mycobacteria, re­
sults are suggestive rather than confirmative. Therefore 
continued research is necessary for the solution of many 
fundamental problems. Edson (1951), in his review, stated 
that no other group has more stubbornly resisted all efforts 
to expose the intimate secrets of its metabolism. 
Mycobacteria utilize and derive energy from various nu­
triments by a process of combustion in the presence of molec­
ular oxygen. This transformation, however, is so complete 
that partially oxidized products do not accumulate signifi­
cantly in the medium. This and other properties of the 
acid-fast bacteria often prevented a detailed study of the 
intermediary metabolism of mycobacteria. 
The necessity of carbon dioxide for the growth of acid-
fast bacteria has been known for quite some time (Wherry and 
Ervin, 1918; Rockwell and Highberger, 1926; Masur, 1926; 
Davies, 1940; Schaefer et al., 1955). The role of carbon 
2 
dioxide, however, is not well understood. 
With the aid of spectacular advances in methodology, 
such as isotopic tracer technique, chromatography and spec­
trophotometry, in the past decade, knowledge of the inter­
mediary metabolism is rapidly increasing. The extreme sensi­
tivities of the new methods in the measurement of biochemical 
reactions suggested the possibility of their application to 
the study of acid-fast bacteria. 
The present study was undertaken to better understand 
the metabolism of Mycobacterium phlei, mainly carbon dioxide-
fixation, using radioactive carbon 14. 
It is hoped that the experiments described here will 
contribute to the fundamental understanding of the inter­
mediary metabolism of the mycobacteria. 
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REVIEW OF LITERATURE 
The present discussion will consider the literature 
dealing with the relationship between carbon dioxide and 
Mycobacterium, including the pertinent literature on the 
subject of other genera. A complete review of the metabolism 
of Mycobacterium is not considered within the scope of this 
work. For a more comprehensive review of the intermediary 
metabolism of Mycobacterium the reader should consult Edson 
(1951) and Drea and Andrejew (1953). Some aspects of the 
fixation of carbon dioxide by other organisms will also be 
included. The various mechanisms of fixation of carbon 
dioxide have been reviewed by Werkman and Wood (1942), Wood 
(1946), Foster (1951), Werkman (1951), Ochoa (1952) and re­
cently by Vishniac et al. (1957). 
Relationship between Carbon Dioxide and Mycobacterium 
That carbon dioxide may have an influence on the growth 
of the tubercle bacillus was first indicated by Wherry and 
Ervin (1918). They found that complete removal of carbon 
dioxide from the environment prevented the growth of the 
organism even in the presence of all the other gaseous con­
stituents of the air. They also found that the bacilli did 
not grow under the atmosphere containing 13 per cent carbon 
dioxide, whereas with 6.8 and 8.25 per cent of carbon dioxide 
the bacilli grew. The authors thought that growth was re­
4 
lated to the proportion of the gases present. 
Corper et, al. (1921) observed the same phenomenon that 
the tubercle bacillus will not grow in a carbon dioxide-free 
atmosphere. Furthermore their results showed that 3 per 
cent carbon dioxide caused some inhibition of the growth of 
the tubercle bacillus in the test tube and that 15 per cent 
was bactericidal. A series of experiments by Novy and 
Soule (1925) indicated that tubercle bacilli grew well under 
high carbon dioxide concentration, as high as 60 per cent, 
when well supplied with oxygen. With much higher concentra­
tion of carbon dioxide, over 60 per cent, the growth was 
retarded. These results were in agreement with those of 
Wherry and Ervin (1918) but they did not consider that carbon 
dioxide was indispensable to the growth of the tubercle 
bacilli. According to their interpretation, absence of 
growth was due to the absorption of moisture from the surface 
of the medium by alkali but not to the absorption of carbon 
dioxide. Under those conditions the respiratory quotients 
of tubercle bacilli remained constant for all oxygen and 
carbon dioxide tensions, even though the rate of respiration 
varied. This finding was confirmed later by Kempner (1939). 
Bbina et al. (1938) supported the statement of Novy and 
Soule (1925). These differences of opinion were thought to 
be caused by differences of method. Moisture plays some 
role, but is of far less importance than the gases. 
5 
In 1926 Masur cultivated a strain of the tubercle 
bacillus in a liquid medium which was free from carbon, for 
16 generations (8 months). He concluded that the tubercle 
bacillus could utilize the carbon of the carbon dioxide in 
the air under certain conditions. In this case ammonia in 
the synthetic medium was considered by the author to be the 
source of energy. In Masur's words : 
Zu solchen Stoffen gehtirt Ammoniak, Schwefelwasserstoff 
u.a. In unserem Substrat"K" ist gerade auch Ammoniak 
enthalten. Wahrscheinlich dient dieses auch als solche 
Energiequelle. 
An experiment showed no development in a liquid medium with­
out carbon dioxide. 
Rockwell and Highberger (1926) investigated the neces­
sity of carbon dioxide for the growth of several acid-fast 
organisms and came to the conclusion that carbon dioxide 
was, in some way, a vital factor in growth. These authors 
observed inhibition of growth when the organisms were incu­
bated over alkali in a closed system. This inhibition could 
not be due to dehydration of the medium because other ef­
ficient dehydrating agents, which did not absorb carbon di­
oxide, did not inhibit growth under the same conditions. 
Examples of the type of dehydrating agent used by the 
authors were sulfuric acid, calcium chloride and glycerol. 
Later (1927) they proposed an hypothesis that all bacteria, 
yeasts, and molds require carbon dioxide for their growth, 
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and that the gas is used as a source of carbon. 
With more than a hundred different organisms Valley and 
Rettger (1927) showed that carbon dioxide was necessary to 
the growth and development of the bacterial cell, although 
bacteria differ in their susceptibilities to the removal of 
carbon dioxide. Their results are in agreement with the 
work of Gladstone et al. (1935). 
Numerous researches on the effect of carbon dioxide on 
the growth of other microorganisms prior to 1928 have been 
reviewed by Valley (1928). 
None of the work was conclusive because of inadequate 
techniques and conditions employed. Davies (1940) investi­
gated the effect of carbon dioxide on the tubercle bacillus 
under defined condition. In order to eliminate as many fac­
tors as possible the culture was grown under constant con­
tinuous flow of gases. The percentage of oxygen was kept 
constant (20%) and that of carbon dioxide was varied. Gas 
equilibration between gaseous and liquid phases, total vol­
ume, and pH of the liquid medium were kept constant. He 
came to the conclusion that the effect of carbon dioxide was 
due to a specific action of the gas itself and not to the 
presence of a particular concentration of ions in the medium. 
These historical studies mentioned above indicate some 
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essential metabolic role for carbon dioxide in the growth of 
heterotrophic organisms. While carbon dioxide tension does 
influence some physical factors effecting the cell, such as 
permeability of membrane, or pH of the medium, these fac­
tors are probably of minor importance when compared to the 
obligatory utilization of carbon dioxide in the metabolism 
of organisms. These early studies, however, dealt with just 
bactericidal and inhibitory action, beneficial action and 
indispensability. Up until 1935 the role of carbon dioxide 
in a heterotrophic metabolism had not been established. 
With propionic acid bacteria Wood and Werkman (1935) first 
proposed the concept of carbon dioxide utilization in hetero­
trophic metabolism. This became a clue to understanding the 
role of carbon dioxide in the heterotrophic metabolism. 
Since then the effect of carbon dioxide has been studied in 
connection with the metabolism. 
Pappenheimer and Hottle (1940) showed the special role 
of carbon dioxide on the growth of a hemolytic streptococcus. 
In this case presence of carbon dioxide not only improved 
the growth of the organism but eliminated the necessity of a 
growth factor for this organism, adenylic acid, when the 
pressure of carbon dioxide was elevated to 40 mm Hg. In 
some instances carbon dioxide can replace the requirement 
for certain amino acids, such as aspartate, serine and phenyl-
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alanine (Lyman et al., 1947; Lascelles et al., 1954; Ory and 
Lyman, 1955). 
During the study of isoniazide-resistant mutant of the 
tubercle bacillus Cohn et al. (1954) and Middlebrook et al. 
(1954) found that biotin was either markedly stimulating or 
even absolutely required for the growth of several strains. 
This effect was very significant especially when organisms 
were grown on oleic acid-albumin agar medium of acid reac­
tion. They reported an interesting relationship between 
carbon dioxide and the biotin requirement of these strains. 
Under high carbon dioxide tension (1-5%) the requirement for 
biotin was abolished. 
Schaefer e_t al. (1955) demonstrated that some strains 
of the tubercle bacilli required biotin or carbon dioxide. 
And there were some strains which required biotin or carbon 
dioxide only on oleic acid-albumin medium of acid reaction. 
These strains did not require biotin or carbon dioxide when 
the reaction of the medium was neutral or alkalin. Further 
these strains could grow on the albumin agar medium (without 
oleic acid) even when the reaction of the medium was acid. 
Slight inhibition on growth of the biotin-independent strain 
by the biotin analogue, 4-(imidazolidone-2) caproic acid was 
reversed not only by biotin but also by increased carbon di­
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oxide tension. Only biotin, however, could reverse the in­
hibition by high concentrations of the inhibitor. These re­
sults suggest that a small amount of endogenous biotin is 
essential for the assimilation of carbon dioxide even under 
high carbon tension. It was found that one strain required 
increased carbon dioxide tension for growth at 37°C. but not 
at 34°c. Later Schaefer (1957) reported two types of strains 
of tubercle bacilli, one of which was "carbon dioxide-
stimulated" and the other was "carbon dioxide-inhibited". 
The growth of the former type required biotin and was stimu­
lated by increased carbon dioxide tension, whereas the latter 
type was not stimulated by biotin under atmospheric air and 
was inhibited under increased carbon dioxide tension. This 
inhibition was reversed by the addition of 4-(imidazolidone-2) 
caproic acid and also vitamin 
Those findings indicate that the requirement of carbon 
dioxide varies with not only species but with medium and cul­
tural conditions. 
The relationship between carbon dioxide and biotin is 
very interesting, since biotin has been known to play a role 
in the fixation of carbon dioxide (Burk and Winzler, 1943 ; 
Shive and Rogers, 1947; Lichstein and Umbreit, 1947; Ochoa 
et al., 1947; MacLeod and Lardy, 1949; Wessman and Werkman, 
1950). 
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It was first postulated by Burk and Winzler (1943) that 
biotin might function as a coenzyme of biological carbon di­
oxide transfer. The mechanism proposed by the authors in­
volved the opening and closing reactions of the ureido ring 
of biotin structure. With Lactobacillus arabinosus and C*4-
biotin labeled in the ureido carbon atom Melville et al. (19-
49) could not prove this reaction. The works of Lichstein 
and Umbreit (1947), Shive and Rogers (1947), Lardy et. âie 
(1947) and Ochoa et al. (1947) suggested a role for biotin 
in the Wood-Werkman reaction, wessman and Werkman (1950) 
found conclusive evidence that biotin functioned as a co­
enzyme in the fixation of carbon dioxide. With NaHC*30g 
the authors found that avidin prevented the exchange reaction 
between oxalacetic acid and NaHC^Og and that the addition 
of adequate biotin resulted in a return to normal fixation. 
At present, however, the role of biotin in the fixation is not 
fully understood. 
The studies of Landy and Dicken (1941) and Pope and 
Smith (1946) indicate that mycobacteria can synthesize biotin 
and other vitamins on a simple synthetic medium. 
The stimulating effect of increasing carbon dioxide 
tension and reducing the requirement for biotin by increas­
ing carbon dioxide tension (Broquist and Snell, 1951; 1953; 
Schaefer et al., 1955) could be due, at least partly, to a 
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biotin-sparing effect. 
A number of compounds have been found which substitute 
for carbon dioxide and give enhanced growth (Ajl and Werk­
man, 1948; 1949). AH of these compounds are constituents 
of the Krebs* cycle, or their metabolic precursors. It is 
a logical assumption that the requirement of carbon dioxide 
may be eliminated, or at least reduced, when an essential 
metabolite which requires carbon dioxide for its synthesis 
or even when an intermediary metabolite which is formed 
from a precursor metabolite, is added. It is also a reason­
able assumption that increased carbon dioxide tension under 
the conditions described above might have an inhibitory 
effect by accumulating an essential metabolite in excessive 
amounts and disturbing the equilibrium of the reaction, in 
the case of a "carbon dioxide-inhibited" mutant the inhibi­
tory effect of carbon dioxide was significant when the or­
ganism was grown on oleic acid-albumin medium with high 
glutamate content (Schaefer, 1957). Thus the inhibitory ef­
fect could be explained. Furthermore, the fact that a biotin 
antagonist reversed the inhibitory action could be due to the 
controlling effect on the equilibrium. It is interesting 
that a compound acts both ways, namely as an inhibitor and as 
a growth factor, under different conditions. The presence 
of oleic acid increased the requirement for biotin or carbon 
dioxide in the case of growth of Lactobacillus arabinosus 
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(Broquist and Snell, 1951) and of Mycobacterium (Schaefer 
et al., 1955). The mode of action is not known. On the con­
trary oleic acid replaced biotin for Clostridium butyricum 
(Broquist and Snell, 1951) and oleic acid with aspartate 
replaced biotin for a number of lactic acid bacteria studies 
except for Lactobacillus fermenti (Broquist and Snell, 1953). 
With lactic acid bacteria Stokes et al. (1947) pointed out 
that biotin might be concerned in the synthesis of aspartate. 
Lardy ejt al. (1947) concluded that the inability to synthe­
size aspartate by L. arabinosus in the absence of biotin was 
due to the inability of condensing pyruvate and carbon di­
oxide to form oxalacetate. The results with CI. butyricum 
and L. fermenti (Broquist and Snell, 1953) indicated that 
biotin was not involved in aspartic acid synthesis. Several 
cultures of lactic acid bacteria required oleic acid for 
their growth (Williams et al., 1947). They found that even 
common lactic acid bacteria required oleic acid when biotin 
was omitted from the complete medium. They also found that 
Tween 80 was an excellent, non-toxic source of oleic acid. 
It was demonstrated that avidin did not inhibit the effect 
of oleic acid. These results suggested that biotin may play 
some role in the biosynthesis of oleic acid and other fatty 
acids. 
Traub and Lichstein (1956) suggested that oleic acid 
or a surface active agent (Tween 80) may change the perme­
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ability of the cells so that biotin can enter more easily. 
According to Minami (1957a; 1957b) the bactericidal action 
of oleic acid on the tubercle bacillus is connected with sur­
face structure of the cells. 
Much study has been done on the inhibitory action of 
oleic and other long-chain fatty acids on tubercle bacilli, 
but the mode of action of these acids still remains obscure 
(Boissevain, 1926; Platonov, 1930; Bergstrom et al., 1946; 
Davis and Dubos, 1946 ; Dubos and Davis, 1946; Dubos, 1947; 
Gray et al., 1948; Franke et al., 1949; Patnode, 1954; Tol-
hurst, 1958). 
Mechanism of Carbon Dioxide Fixation 
The work of Wood and Werkman (1935) in which the Wood-
Werkman reaction was proposed was a milestone in the study 
of mechanism of carbon dioxide fixation. Since fixation 
of carbon dioxide had been thought to be characteristic of 
photosynthetic and chemosynthetic organisms, their finding 
stimulated the study of heterotrophic fixation of carbon 
dioxide and renewed interest in autotrophic fixation of car­
bon dioxide. The occurrence of carbon dioxide fixation in 
a cell-free system and availability of isotopes of carbon 
made possible a detailed study of the mechanism of fixation. 
Early works on heterotrophic carbon dioxide-fixation have 
been reviewed by Werkman and Wood (1942), Wood (1946), 
14 
Werkman (1951) and Ochoa (1952). On the autotrophic assimi­
lation of carbon dioxide the reader is referred to the re­
view of Poster (1951). Since the California group led by 
Calvin had developed tracer techniques in the study of 
photosynthesis, much knowledge of photosynthetic carbon 
dioxide-fixation has been obtained. The results and others 
were reviewed recently by Vishniac ejt al. (1957). 
With labeled carbon dioxide (C^Og) and photosynthetic 
algae Calvin*s group demonstrated that phosphoglyceric acid 
labeled in its carboxyl group was the earliest stable com­
pound in the fixation reaction (Calvin and Benson, 1948; 
Bassham et al., 1950; Benson et al., 1950). These results 
were confirmed later by Pager et. al» (1950). In regard to 
the mode of formation of labeled 3-phosphoglyceric acid 
Calvin and Massini (1952) and later Bassham et. âi* (1954), 
presented evidence that ribulose-l,5-diphosphate is carboxy-
lated to form an intermediate which cleaves enzymatically to 
form 2 molecules of 3-phosphoglyceric acid. Bassham ejk al. 
(1954) proposed a scheme for photosynthetic carbon dioxide-
fixation based on the distribution pattern of labeled carbon. 
With spinach leaves Horecker's group demonstrated the pres­
ence of phosphoriboisomerase, phosphoribulokinase and car-
boxylating enzyme similar to those of photosynthetic algae 
(Hurwitz et al., 1956; Horecker et al., 1956; Weissbach et 
al., 1956). According to the work of Santer and Vishniac 
15 
(1955), Trudinger (1955; 1956), Aubert ejt al. (1956), Mil-
haud e_t al. (1956) and Suzuki and Werkman (1958a), it is 
likely that chemoautotrophic bacteria fix carbon dioxide by, 
if not identical, similar reactions in photosynthetic or­
ganisms. 
Fuller (1956) has reported the presence of an adaptive 
enzyme in cell-free extracts of Escherichia coli which 
catalyzes the reaction between ribulose-l,5-diphosphate and 
carbon dioxide with the formation of 3-phosphoglyceric acid. 
More recently a similar enzyme system was found to be pres­
ent in Propionibacterium pentosaceum (Schafer, 1958). 
These findings are of interest because the organisms 
are obligate heterotrophic bacteria. It suggests that a 
closely similar pattern of chemical change is common to all 
forms of life. The statement, "Nature is continuous, not 
discontinuous," by Werkman (1951) has been proved by many 
such experimental data. The discussion so far has dealt 
with the pentose phosphate carboxylation. Another important 
fixing mechanism of carbon dioxide is the Wood-Werkman reac­
tion (Wood and Werkman, 1935; 1938). In this reversible re­
action carbon dioxide is fixed into pyruvate to form oxa-
lacetate which may enter the Krebs* citric acid cycle. The 
role of the Wood-Werkman reaction for the Krebs* citric acid 
cycle is of great interest since the cycle is a terminal res­
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piratory pattern and is connected to the formation of many 
amino acids. The Wood-Werkman reaction was to represent an 
over-all reaction and details were expected to be added. 
Kalnitsky and Werkman (1944) while considering the energy 
requirements of the reaction postulated that phosphorylation 
of intermediates would be shown to occur. It has become 
clear that phosphoenolpyruvate is the carbon dioxide accep­
tor in two distinct reactions for the fixation of carbon di­
oxide to form oxalacetate. One is catalyzed by phospho-
enolpyruvic carboxylase (PEP carboxylase), and the other is 
catalyzed by oxalacetic carboxylase (OAA carboxylase). 
Bandurski and Greiner (1953) demonstrated an enzyme, 
phosphopyruvic carboxylase, in extracts of spinach leaves 
which catalyzed the irreversible carboxylation of phos­
phoenolpyruvate to yield oxalacetate and inorganic phosphate 
according to the following scheme postulated: 
Phosphoenolpyruvate * C02—>Oxalacetate + Orthophosphate 
The enzyme was partially purified (Bandurski, 1955) and 
proved to be different from oxalacetic carboxylase found by 
Utter and his coworkers in chicken livers (Utter and Kura-
hashi, 1953; 1954a; 1954b; Utter et al., 1954; Kurahashi et 
al., 1957). Oxalacetic carboxylase requires a nucleotide, 
inosine or guanosin polyphosphate, as a phosphate acceptor 
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for its activity and. is reversible while phosphoenolpyruvic 
carboxylase requires no nucleotide and is irreversible. In 
the presence of nucleoside diphosphokinase adenosine poly­
phosphate can replace inosine or guanosine polyphosphate. 
The reaction by oxalacetic carboxylase is shown below, where 
ITP is inosine triphosphate and IDP is inosine diphosphate. 
Oxalacetate + ITP ^^Phosphoenolpyruvate + COg + IDP 
Nucleoside diphosphokinase catalyzes the following reaction; 
IDP + ATP^ITP + ADP 
where ATP and ADP represent adenosine tri- and diphosphate 
respectively. 
These two enzyme systems, phosphoenolpyruvic and oxa­
lacetic carboxylases, have been found to be present in wheat 
germ (Tchen and Vennesland, 1955) and more recently in the 
extracts of Thiobacillus thioxidans (Suzuki and Werkman, 
1957; 1958a; 1958b; Suzuki 1958), Nocardia corallina and of 
M. phlei (Baugh ejt al,., 1959). 
Phosphoenolpyruvic carboxylase was found in succulent 
plants by Walker (1957). 
Oxalacetic carboxylase was isolated from the mitochon­
dria of lamb liver by Bandurski and Lipmann (1956). With 
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Saccharomyces cervisiae Cannata and Stoppani (1959) isolated 
an enzyme similar to oxalacetic carboxylase except for its 
specificity for nucleotide polyphosphate. Contrary to oxa­
lacetic carboxylase, adenosinepolyphosphate is the only ac­
tive phosphate acceptor. 
The Wood-Werkman reaction and its related reactions can 
be summarized as follows: 
Pyruvate + C02 ^ Oxalacetate (Wood-Werkman reaction) 
PEP * C02 —»Oxalacetate + P^ (PEP carboxylase) 
PEP + C02 * IDP Oxalacetate * ITP (OAA carboxylase) 
Pyruvate + C02 + TPNH^àMalate + TPN+ (Malic enzyme) 
Malate + DPN+ç^ Oxalacetate + DPNH (Malic dehydrogenase). 
Where PEP is phosphoenolpyruvate, TPNH and TPN* represent re­
duced and oxidized triphosphopyridine nucleotide respective­
ly, and DPNH and DPN* represent reduced and oxidized diphos-
phopyridine nucleotide respectively. P^ is inorganic phos­
phate. 
A series of studies on the metabolism of leucine by 
Coon and his cowrokers led to the finding of a carbon di­
oxide -activating enzyme (Coon, 1955; Bachhawat et al., 1955; 
Bachhawat and Coon, 1957). The carboxylation of /î-hydroxy-
isovaleryl coenzyme A (HIV CoA) to y)-hydroxy-y3-methyl-
glutaryl coenzyme A (HMG CoA), intermediates in leucine 
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metabolism, was postulated to occur by the following reactions: 
CO2 + ATP ^-=-iAMP-CC>2 + Pyrophosphate 
AMP-CO2 * HIV COA v=*AMP + HMG CoA 
HMG CoA çrrèAcetoacetate * Acetyl CoA 
where AMP-C02 is adenyl carbonate and AMP is adenosine mono­
phosphate. The carbon dioxide-activating enzyme catalyzes 
the first reaction and ^-hydroxyisovaleryl CoA carboxylase 
catalyzes the second. The carbon dioxide-activating enzyme 
was isolated from pig heart in crystalline form by Bachhawat 
and Coon (1958). The enzyme was found in extracts of brain, 
kidney, liver, and skeletal muscle, as well as spinach leaf, 
B. coli, Rhodospirillum rubrum, and bakers* yeast (Bachhawat 
and Coon, 1958). 
As biotin has been known as an important factor in 
leucine metabolism, Woessner et al. (1958) determined the 
role of biotin in the three reactions described above. The 
carbon dioxide-activating enzyme was found to be present at 
the same level in both, normal and biotin-deficient, tissues, 
whereas /3-hydroxyisovaleryl CoA carboxylase was completely 
lacking in biotin-deficient tissue. The third reaction was 
not affected by biotin deficiency. Their findings, there­
fore, indicate that biotin does not play any role in the ac­
tual fixation of carbon dioxide by the carbon dioxide-
activating enzyme but in carboxyl transfer. 
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From the experiment with sub-cellular components of 
spinach Moses ejt al. (1959) recently speculated that the true 
substrate for carboxydismutase is neither carbon dioxide nor 
bicarbonate ion, but an activated form of carbon dioxide. 
General Metabolism of Mycobacterium 
The discussion will deal mainly with recent literature 
on the metabolism of Mycobacterium phlei, including the per­
tinent literature on the metabolism of other members of 
Mycobacterium. A voluminous literature on the subject of 
Mycobacterium prior to 1953 has been reviewed by Edson (1951) 
and Drea and Andrejew (1953). 
Edson (1951) has proposed tentatively that the Embden-
Meyerhof scheme might be in operation for the oxidation of 
glucose. McLaren and Jann (1955a) supported the Embden-
Meyerhof scheme based on the experiment that glucose-grown 
cells did not utilize the compounds of the hexosemonophos-
phate shunt. And further evidence was presented for the par­
ticipation of Krebs* citric acid cycle in the metabolism of 
Mycobacterium (McLaren and Jann, 1955b). 
It is rather impossible to speculate on the intermedi­
ary metabolism by early workers who used whole cells or 
"resting cells" because of the presence of high endogenous 
respiration in the cells. According to Richardson et al. 
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(1931) the endogenous respiration of M. phlei fell to zero 
in 3 or 4 days of starvation. Use of "resting cells" has 
brought some light to our knowledge of over-all metabolism. 
This method, however, could not reveal the sequence of the 
intermediary metabolism. Recent advances are based on the 
experiments in which cell-free extracts or purified enzyme 
preparations have been used. 
Volk and Myrvik (1956) demonstrated the following en­
zymes in cell-free extracts of M. smegmatis grown on a glu­
cose medium; hexokinase, phosphohexoisomerase, glucose-6-
phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, 
gluconokinase and aldolase. Fhosphohexokinase was not found 
in the extracts. Prom these findings they suggested that 
M. smegmatis metabolize glucose via the hexosemonophosphate 
shunt but not via the Embden-Meyerhof scheme. Absence of an 
enzyme, like most negative evidence, is not conclusive of 
the absence of the scheme. 
The occurrence of Krebs* citric acid cycle in M. phlei 
was demonstrated by Blakley (1952). All the enzymes in­
volved in the cycle were found in M. avium by Kusunose jet al. 
(1952) and by Yamamura et al. (1954). Yamamura et al. (1955) 
separated these enzymes into two groups, i.e. particulate 
and soluble fractions, by differential centrifugation. The 
former fraction contained 1-malic dehydrogenase, aconitase, 
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fumarase and oxalacetic decarboxylase. It was found that 
succinoxidase was in the particulate fraction but the addi­
tion of the soluble fraction was necessary for its activity 
(Kusunose et al., 1956). Several enzymes were isolated in 
highly purified form from M. tuberculosis and their charac­
teristics were reported by a series of studies by Goldman. 
Those enzymes reported were isocitric dehydrogenase (Gold­
man, 1956a), malic dehydrogenase (Goldman, 1956b), condensing 
enzyme (Goldman, 1957), pyruvic oxidase (Goldman, 1958a), 
and pyruvic dehydrogenase (Goldman, 1958b). The work reported 
by Youmans and his coworkers has presented evidence in favor 
of the view that Mycobacterium possesses the Krebs1 citric 
acid terminal respiratory cycle (Holmgren et al., 1954; 
Millman and Youmans, 1954; Millman and Youmans, 1955, You­
mans et_ al., 1956). 
Edson (1947) has isolated an enzyme from M. phlei which 
catalyzed the oxidation of 1-lactate to acetate and carbon 
dioxide via pyruvate and hydrogen peroxide. With M. avium 
Yamamura jet al. (1952) described two lactic oxidases, i.e. 
lactic oxidase I and II, which catalyze the following reac­
tions respectively: 
Lactate + 02 =Acetate + C02 + HgO 
Lactate + i02 =Pyruvate + H20 
Sutton (1954) has extended the study on the lactic oxidase 
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from M. phlei. The result was not in agreement with that of 
Edson (1947) and of Yamamura et al. (1952). With a partially 
purified enzyme preparation it was found that lactate was 
not metabolized via pyruvate nor was flavin adenine dinucle-
otide or hydrogen peroxide involved in the reaction. And 
the enzyme preparation seemed to have two actions, i.e. 
oxidation and decarboxylation of lactate, both of which ap­
peared to be associated with a single functional protein 
unit. Riboflavin-51-phosphate was found to be the pros­
thetic group of the enzyme (Sutton, 1955). Later the enzyme 
was isolated in crystalline form by Sutton (1957) and the 
molecular weight was proposed to be 260,000 with two pros­
thetic groups. 
The mechanism of oxidative phosphorylation has been one 
of the most interesting and difficult problems in physiology. 
Many attempts to demonstrate oxidative phosphorylation in 
bacterial extracts had been negative because the mechanism 
depends on the integrity of an organized multienzyme system 
which is destroyed easily. Brodie and Gray (1955) reported 
the existence in crude extracts of M. phlei of a system which 
coupled phosphorylation to oxidation and yielded P:0 ratios 
greater than 1. It was demonstrated later by Brodie and 
Gray (1956a) that adenosine triphosphate was formed from the 
sole phosphate acceptor which was adenosine monophosphate. 
Uncoupling agents, such as 2,4-dinitrophenol and gramincidin, 
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inhibited phosphate esterification without inhibiting oxygen 
consumption. These data indicate that oxidative phosphory­
lation in Mycobacterium is essentially similar to, if not 
identical to, that of mammalian tissue. Recently with the 
aspect of integrity Brodie (1959) extended the previous studies 
(Brodie and Gray, 1956b; 1957). The enzyme systems were 
separated by differential centrifugation into a particulate 
and a soluble fraction. Both fractions were required for 
oxidation and for esterification of inorganic phosphate. A 
requirement for vitamin and flavin adenine dinucleotide 
was also demonstrated. 
Winder and Denneny (1956) investigated the phosphorus 
compounds in various mycobacteria in connection with their 
metabolism. Later they (1957) demonstrated an inorganic 
polyphosphatase and an enzyme which synthesized adenosine 
diphosphate from adenosine-5*-monophosphate and inorganic 
polyphosphate in M. smegmatis. Myokinase was not demonstrated 
in the extract of M. smegmatis (Winder and Denneny, 1957), 
whereas it was shown to be present in M. phlei (Oliver and 
Peel, 1956). 
Myers et al. (1957a; 1957b) investigated the growth of 
saprophytic mycobacteria in connection with ali-esterase in­
hibition by organophosphorus compounds, such as diisopropyl-
p-nitrophenyl phosphate. They found that two strains, M. 
phlei and M. S£., were not affected by the organophosphorus 
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compounds in their growth, even though the ali-esterase ac­
tivity was inhibited. The growth of other strains was readily 
inhibited under the same condition. 
Halpern and Grossowicz (1957) reported the presence of 
at least three amidases in the extracts of M. phlei. Those 
were 1-asparaginase, nicotinamidase and an enzyme which 
catalyzed the hydrolysis of glycinamide. 
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MATERIALS AND METHODS 
Organism and Media 
The organism employed in this work was Mycobacterium 
phlei No. 10142 and was obtained from the American Type Cul­
ture Collection. Stock cultures were carried on nutrient 
agar slants containing one per cent glycerol and transferred 
monthly. They were stored in a refrigerator after good growth 
had been obtained with incubation at 37°C. The organism was 
grown in either a modified Dubos* medium or a chemically 
defined medium described by Yamane ej: al. (1953). The com­
positions of these media are shown in Table laand Table lb 
respectively. 
Table la. Modified Dubos* medium 
Constituent Amount 
KH2P04 1.0 gm. 
Na2HP04.12H20 6.3 gm. 
Ferric ammonium citrate 0.05 gm. 
Calcium chloride 0.0005 gm. 
Magnesium sulfate 0.01 gm. 
Zinc sulfate 0.0001 gm. 
Sodium citrate 0.13 gm. 
Asparagine (Difco) 2.0 gm. 
Casitone (Difco) 2.0 gm. 
Tween 80 0.5 ml. 
Glucose 10.0 gm. 
Distilled water 1,000.0 ml. 
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The pH of the medium was 7.1. Due to the buffering capac­
ity of phosphates, the final reaction after sterilization 
was unaltered. 
Table lb. Chemically defined medium 
Constituent Amount 
NH4CI 1.0 gm. 
Na2HP(>4.12H20 6.5 gm. 
kh2po4 1.0 gm. 
MgS04.7H20 0.02 gm. 
CaCl2 0.0005 gm. 
FeCl3.6H20 0.0005 gm. 
Tween 80 5.0 gm. 
Distilled water 1,000.0 ml. 
The pH of the medium was 7.1. 
The general procedures of cultivation were the same 
regardless of the medium used. These procedures are shown 
in Figure 1. The principle studies were made on cells 
grown in 5 liter quantities in a 12 liter-flask. Some ear­
lier studies were done from growth in the same medium in 
100 ml. quantities in 500 ml-Erlenmeyer flasks. The cells 
were harvested in a Serval angle centrifuge or in a Sharpies 
centrifuge depending upon the volume. The cell paste was 
washed twice with cold distilled water. 
Figure 1. General procedures of cultivation 
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Cell-free Extracts 
Two methods were employed for the preparation of cell-
free extracts of M. phlei, i.e. glass grinding and sonic 
treatment. 
Glass grinding 
The apparatus described by Kalnitsky et al. (1945) 
was applied. The cell paste obtained by centrifugation was 
mixed with two times its weight of powdered glass. In order 
to get a certain consistency adequate demineralized water 
or buffer was added to the mixture. The resulting mixture 
was placed in the grinding apparatus and ground twice. This 
grinding was followed by centrifugation at 18,000 rpm. for 
half an hour in an International refrigerated centrifuge, 
after which the clear supernatant was frozen. The precipi­
tate was extracted with cold demineralized water or buffer 
again for half an hour. The washing was mixed into the 
original supernatant. The whole procedure was carried out 
in a cold room (4°C.). 
Sonic treatment 
The washed cells were resuspended in tris(hydroxy-
methyl) aminomethane buffer (tris buffer), pH 7.4, at the 
ratio of one gram wet cells per seven ml. A small amount 
of Alcoa Alumina A 301 was added to the suspension. The 
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suspension then was treated for twenty five minutes in a 
9 kc. Raytheon sonic oscillator at 4°C. Debris was removed 
by centrifugation at 18,000 rpm. for twenty five minutes in 
an International refrigerated centrifuge. The cell-free 
extracts thus obtained were dialyzed against tris buffer. 
A dialyzed preparation was obtained by dialyzing the 
cell-free extracts in a cellophane bag against 500 ml. of 
0.002 M tris buffer of pH 7.4. The buffer was stirred con­
stantly by magnetic stirrer and changed every hour. The 
dialysis was carried out for 15 to 70 hours. 
Fractionation with manganese chloride 
Some of the experiments were carried out with fraction­
ated cell-free extracts. After sonic treatment and centri­
fugation, sufficient manganese chloride (1 M) was added to 
the extract to make a 13 per cent solution and the mixture 
stirred for 30 minutes at 4°c. The mixture was warmed in a 
55°C. water bath for a few minutes and centrifuged to re­
move the precipitated protein. The supernatant was subjec­
ted to dialysis against 0.002 M tris buffer for 15 hours. 
Usually protein will be precipitated at an early stage of 
dialysis. This protein is spun down, and further dialysis 
is carried on. Enzyme preparations were stored at -20°C. 
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Analytical Procedures 
Determination of reducing sugar 
Two methods, i.e. iodometric titration and colorimetric 
methods, were employed for the determination of reducing 
sugar. The former procedure was carried out according to 
the method described by Schaffer and Somogyi (1933). To 
five ml. of sample five ml. of the reagent were added and 
heated for 15 minutes. After quick cooling (within 3 minutes) 
one ml. of 5 n sulfuric acid was added to the mixture. After 
2 minutes the mixture was titrated with 0.005 n nagsgog sol­
ution. One per cent starch was used as an indicator. For a 
blank demineralized water was used. Concentration of re­
ducing sugar was calculated as glucose by the following 
equation: 
S = 0.1449(n - n*)f 
where S represents amount of reducing material, n and n* are 
values of titration for blank and sample respectively, and 
f represents the factor of sodium thiosulfate. One ml. of 
0.005 n sodium thiosulfate is equivalent to 0.1449 mg. of 
glucose. The latter procedure was the ferricyanide method 
of Park and Johnson (1949). To an aliquote sample which has 
been deproteinized and neutralized the reagents were added 
and heated on a boiling water bath for 15 minutes. After 
cooling ferric iron was added. The blue color, developed 
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after 15 minutes, was measured at 690 nyi on the Spectronic 
20 spectrophotometer (Bausch and Lomb). The concentration 
of reducing substance was obtained by reference to a cali­
bration curve established with glucose. 
Determination of protein 
The protein content of the cell-free extracts was de­
termined colorimetrically by the biuret method of Gornall et 
al. (1949). Since tris buffer was used for the preparation 
of cell-free extracts, interference of tris buffer was mini­
mized by the analysis of the separated protein precipitate 
as described by Robinson and Hogden (1940). The protein was 
precipitated by adding an aliquot of 50 per cent of trichlo­
roacetic acid. This precipitate was dissolved in 3 per cent 
sodium hydroxide solution. Then the biuret reagent was added 
to the solution. A control of the same amount of sodium 
hydroxide solution and reagent was included in the test. The 
color was allowed to develop for 30 minutes at room tempera­
ture, then read on the Klett-Summerson photoelectric colori­
meter with green filter No. 54. The concentration of pro­
tein in the cell-free extracts was obtained by reference to 
a calibration curve established with crystalline bovine albu­
min. 
Manometric methods 
The Barcroft-Warburg apparatus was employed to measure 
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metabolic gaseous exchange. Most of the experiments were 
carried out at 31°C. in the conventional 18 ml. flasks with 
two side arms. Some of the experiments with whole cells 
were carried out at 37°C. For the absorption of carbon di­
oxide 0.2 ml. of 20 per cent solution of potassium hydroxide 
was placed in the center well. The standard techniques of 
respirometry described by Umbreit ejt al_. (1949) were used. 
Spectrophotometry 
Ultra-violet spectrophotometry measurements were made 
with the Beckman spectrophotometer, Model DU., using 1.0 cm. 
quartz cuvettes. The reactions were followed by measuring 
the optical density at appropriate wave lengths, at speci­
fied time intervals. The measurement of reduced diphos-
phopyridine nucliotide (DPNH) or reduced triphosphopyridine 
nucleotide (TPNH) concentration was carried out at 340 mjj. 
The concentration of adenosine monophosphate or inosine 
monophosphate was followed at 265 mji or 240 mp respectively. 
Sometimes a Spectronic 20 (Bausch and Lomb) was used for the 
measurement of colored materials. 
Paper ionography 
A vertical(ridgepole) type ionograph (Shandon Scientific 
Co., London, England) was used mainly for identification 
of radioactive 2,4-dinitrophenylhydrazone of oxalacetate. Sat­
isfactory separation of 2,4-dinitrophenylhydrazone of d,-keto 
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acids was obtained in 3 to 4 hours at 250V (over 15 mA) with 
0.05 M sodium carbonate electrolyte. The paper used for this 
purpose was Whatman No. 3 filter paper. The ionograms thus 
obtained were checked for their locations of radioactivi­
ties by radioautography. 
A horizontal type ionograph (hand-made) was used mainly 
for the identification of various nucleotides (Berg and 
Joklik, 1954). Whatman No. 3 filter paper (19t inches by 5 
inches) was used for this procedure and 220 V (less than 10 
mA) was applied for 10 to 15 hours. For the separation of 
nucleotides of different bases 0.02 M sodium citrate buffer, 
pH 3.5, was used. For the separation of di- and triphos­
phate of a nucleotide the same buffer with higher pH (4.5) 
was used. The standard techniques of ionophoresis are de­
scribed by McDonald et. lii* (1955). 
Paper chromatography 
paper chromatography was carried out using both ascend­
ing and descending techniques. In the former case a one 
gallon widemouth jar was used as a chamber. In the latter 
case a chromatocab Model A (Research Equipment Corporation, 
Oakland, California) was used. Whatman No. 1 and No. 3 filter 
papers were mainly used. For the separation of organic acids, 
the paper was washed with 0.1 M citric acid, followed by 
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numerous rinsings with distilled water, and dried, before 
use. The routine experiments were done with filter paper 
of 7% inches by 7^- inches. The sample was placed at a spot 
one inch from the right hand edge and from the bottom of the 
paper. Cool air from a hair drier was blown over the spot 
to hasten drying. The paper was then stapled in a form of a 
cylinder and placed in the chamber in which 75 ml. of the ap­
propriate solvent had been placed. After development in the 
first solvent, the paper was dried, reformed into a cylinder 
with different sides and re-run in the second solvent. In 
some cases the development was carried out by two passings 
in the same solvent. All procedures were carried out at room 
temperature. 
Solvents The solvents used are listed below. All 
the solvents except phenol were prepared fresh each time. 
Solvent was placed in a chamber a few hours prior to use to 
saturate the atmosphere in the chamber. 
Phenol solvent: 80 ml. of melted phenol were mixed 
with 20 ml. of distilled water. The solution was kept in the 
dark. 
BABW: 40 ml. of n-butyric acid and 40 ml. of n-butanol 
were made up to 100 ml. with distilled water. 
n-BuOH-EtOH-NH4OH: 70 ml. of n-butanol, 10 ml. of 
ethanol, and 20 ml. of 0.5 N NH4OH were mixed. This solvent 
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was used just for separation and identification of 2,4-
dinitrophenylhydrazone of ct-keto acids. 
EtAc-HCOOH-water: 60 ml. of ethylacetate, 20 ml. of 
formic acid, and 10 ml. of water were mixed. 
Spraying reagents Unless the unknown compound(s) 
was colored, various compounds were located on the paper 
chromatograms by spraying the dried paper with various reagents. 
Using a sprayer (California Laboratory Equipment Company, 
Berkeley, California) connected to a compressed air line, a re­
agent was sprayed evenly on the paper in a hood. 
For the location of organic acids a mixed indicator was 
used. A mixed indicator was prepared according to Aronoff 
(1956). One half gram of methyl yellow and 1.5 gm. of brom 
phenol blue were dissolved in 200 ml. of 95 per cent ethanol, 
and the reaction was adjusted to pH 6.3 with sodium hydroxide. 
This stock solution was diluted for use 1 : 20 with ethanol. 
The color of the acid will vary from yellow to red according 
to its concentration or acidity on a green-blue background 
and it is quite stable. 
For the location of amino acids ninhydrin reagent was 
used. The reagent was made by dissolving 100 mg. of ninhydrin 
in 100 ml. of water-saturated butanol containing 1 per cent 
of glacial acetic acid. After spraying, the paper was heated 
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in an autoclave at approximately 100° C. for at least 10 min­
utes. 
Phosphorylated compounds were located with the ammoni­
um molybdate spray of Bandurski and Axelrod (1951). This re­
agent consisted of 5 ml. of 71 per cent perchloric acid, 25 
ml. of 4 per cent ammonium molybdate solution, 10 ml. of IN 
hydrochloric acid, and 60 ml. of distilled water. After spray­
ing, the paper was heated at 80° c. for a few minutes. The 
inorganic phosphate appeared as a yellow spot during this 
procedure. The paper was then exposed to an ultraviolet lamp 
for 10 minutes. The organic phosphates appeared as blue 
spots and inorganic phosphates as green spots. 
Carbohydrates were located with a spray consisting of 3 
ml. of concentrated hydrochloric acid, 20 ml. of 10 per cent 
ammonium molybdate, and 5 gm. of ammonium chloride. After 
spraying, the paper was heated at 70° C. for 20 minutes, during 
this time the sugars appeared as blue spots. The reagent was 
prepared fresh each time. 
Various nucleotides were located under an ultraviolet 
lamp in a dark room. The mineralight SL 2537 (Ultra-Violet 
Products, Inc., South Pasadena, California) was used for this 
purpose. The spots were marked with a pencil. 
Blution and transfer of spots In order to confirm an 
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identification of a compound, the spot from a chromatogram 
was transferred to the origin of another chromatogram. This 
procedure was carried out according to a simple method of 
Gregory (1955). In case of purification a spot was cut out 
from a chromatogram and was eluted with a few ml. of water in 
a small test tube. The filter paper was removed by filtra­
tion through a small sintered glass filter under suction. 
The final identification of a spot was made by comparing 
with an authentic specimen. 
Radioautography 
The position of radioactive compounds on paper chroma­
togram was located by radioautography (Fink and Fink, 1949). 
The paper was stapled on a Kodak No Screen Medical X-ray film 
and placed in a Kodak X-ray exposure holder. The holder was 
weighted down to insure intimate contact between film and 
chromatogram. Exposure time was estimated by counting the 
activity at the origin of the chromatogram before develop­
ment. A radioactivity of 200 counts per minute at the origin 
for one compound gave a defined spot on the radiogram after 
an exposure of one week. Films were developed at room tem­
perature in Kodak Rapid X-ray Developer, rinsed in tap water, 
and cleared in Kodak F-5 fixative. 
Assay of radioactivity 
Radioactivity was measured with a lead-shielded end-
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window (mica) Geiger-Muller tube (Tracerlab type TGC2) having 
a window thickness of 1.8 mg per cm2. The scaler was the 
Nuclear Instrument and Chemical Corporation Scaling Unit, 
Model 163. Most of the measurements were made on the first 
shelf - a distance of approximately three mm. from the window. 
Counts were corrected for background and expressed as count 
per minutes (c/m). In case of BaC*4Og, the counts were cor­
rected for seIf-absorption. In most cases the counting time 
was selected so as to make the standard deviation within 
five per cent of the net count. 
Preparation of radioactive samples for counting 
Glass planchets Radioactive materials were counted 
mainly on ground glass planchets. An aliquot of sample was 
placed uniformly on a ground glass planchet (26 mm. in diameter) 
with calibrated micropipette with an Adams * suction apparatus 
or with a Pumpett automatic pipette control (distributed by 
Arthur S. LaPine and Co., Chicago, Illinois). The plating 
was carried out on a rotating table (Autonomes Instruments, 
Columbus, Ohio). Cool air from a hair drier was blown over 
the planchet to hasten drying. The radioactivity was then 
counted immediately under a Geiger-Millier tube. A correction 
for self-absorption was not considered, except a case of 
BaC1403, since the amount of sample on a planchet was either 
small or the same throughout any one experiment. 
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BaC 4^03 To locate the position of labeled carbon 
atom in a compound, such as 2,4-dinitrophenylhydrazone of 
oxalacetate, the compound was so decomposed that labeled car­
bon was given off as carbon dioxide which was trapped in sodi­
um hydroxide solution. Adding saturated barium chloride 
solution to this carbonate solution labeled carbon atom was 
precipitated as BaC 4^03 which was then filtered through What­
man No. 42 filter paper disk placed on a glass filter assem­
bly as described by Hug (1956) which was similar to that of 
Aronoff (1956). The precipitate was washed twice with carbon 
dioxide-free water and twice with ethanol. The radioactivi­
ty of BaC*403 was corrected for self-absorption. 
2,4-Dinitrophenylhydrazone In some experiments ex­
treme labile oxalacetate formed by fixation of carbon dioxide 
was converted to 2,4-dinitrophenylhydrazon for counting, 
identification, and for checking the location of the labeled 
carbon atom. To one ml. of sample in which 5 mg. of carrier 
oxalacetic acid has been added 9 ml. of 2 N HC1 solution 
saturated with 2,4-dinitropheny1hydrazine were added. After 
one hour at room temperature, the reaction mixture was placed 
in a refrigerator (4° c.) overnight to complete the reaction. 
The crystals formed were collected on Whatman No. 42 filter 
paper disk by means of filtration described in the previous 
section, f,BaC1403,f. The crystals were washed with 5 ml. of 
2 N HC1 and with 1 ml. of water. The sample was dried over 
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CaClg for 1° minutes and counted. 
Degradation of 2,4-dinitrophenylhydrazone of oxalacetate 
To locate the position of the labeled carbon atom in 
oxalacetic acid, 2,4-dinitrophenylhydrazone of oxalacetate 
was decarboxylated according to Bandurski and Greiner (1953) 
An apparatus used was shown by Schafer (1958) which was sim­
ilar to that of Aronoff (1956). A known amount of radioac­
tive 2,4-dinitrophenylhydrazone was placed in the main flask 
and 2 ml. of water was added. Carbon dioxide-free nitrogen 
gas was introduced into the main flask over a period of 10 
minutes to change gas phase. Seven ml. of 0.2 N carbon diox 
ide free sodium hydroxide solution (prepared fresh) were 
pipetted into the trap. Then three ml. of 2 N hydrochloric 
acid in the side arm were tipped into the main flask. The 
main flask was heated to boiling for one hour while carbon 
dioxide-free nitrogen gas continued to agitate the reaction 
mixture and transport carbon dioxide given off to the trap. 
The/i-carboxyl group of oxalacetate hydrazone in decarboxy­
lated by this procedure. After an hour carbon dioxide trap­
ped in the sodium hydroxide solution was recovered as BaC^O 
as described in the previous section. Carbon dioxide-free 
water was used for rinsing. 
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Reagents 
All reagents were commercial preparations, except 
NaHC14C>3. NaHC1403 solution was prepared from BaC 4^Og ob­
tained from Oak Ridge National Laboratory according to Hug 
(1956). 
Water insoluble barium salts of phosphate esters were 
converted to the corresponding sodium salts by the Na-form of 
Dowex 50 resin. 
Main commercial preparations used in this experiment and 
the companies are as follows: 
Pabst Laboratories; various nucleoside polyphosphates (Na-
salts); 
California Foundation for Biochemical Research; oxalacetic 
acid, phosphoenolpyruvate (tricyclohexylamine salt), reduced 
diphosphopyridine nucleotide (DPNH), reduced triphosphopyri-
dine nucleotide (TPNH): 
Nutritional Biochemicals Corporation; reduced glutathione 
(GSH), triphosphopyridine nucleotide (TPN), diphosphopyridine 
nucleotide (DPN), Ba salt of ribose-5-phosphate, avidin, 
crystalline albumin: 
Sigma Chemical Company; TPN "80", Sigma "7-9": 
Worthington Biochemical Corporation; lactic dehydrogenase: 
Southeastern Biochemicals; pyruvic kinase, myokinase. 
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experimental 
General Physiology of Mycobacterium phlei 
Utilization of Tween 80 as a substrate 
Since Dubos (1945) first introduced Tween 80 for the 
submerged culture of tubercle bacilli, it has become very 
easy to obtain homogeneous submerged cultures of tubercle 
bacilli. Tween 80 is a trade name of an emulsifying and non-
ionic surface active agent produced by Atlas Powder Company, 
Wilmington, Delaware. Its typical component, polyoxyethylene 
sorbitan mono-oleate, is represented by the following formulas: 









A series of papers of Minami and his coworkers proved that 
Tween 80 can be metabolized by the tubercle bacillus as a 
sole carbon source (Minami et al., 1953; Yamane et al., 1953; 
Yamane and Yasui, 1954; Minami and Yamane, 1954; Minami and 
Yamane, 1955; Minami et al., 1955a; Minami etal., 1955b.). 
It was deemed necessary to select a simple medium suit­
able for the requirements of the experimental work. Since the 
experiments involved synthesis of enzymes, a simple chemically 
defined medium was needed for the comparison with a complex 
medium. For this purpose the medium described by Minami et 
al. (1953) was employed. The initial step in this investiga­
tion was undertaken to determine the suitability of this 
medium for M. phlei. Since there is no adequate method avail­
able for the determination of Tween 80, an indirect method 
briefly mentioned by Minami and Yamane (1954) was applied. 
This method is based on the fact that phenol solution makes 
Tween 80 solution turbid proportionally to the Tween 80 con­
tent within a certain range. The cells were centrifuged down, 
then to an aliquote sample (diluted to one ml. with demin­
eralized water) 5 ml. of 5 per cent phenol solution were added. 
The turbidity developed after 5 minutes was measured by Spec­
tronic 20 at wave length of 425 mji. The concentration of 
Tween 80 was obtained by referring to the standard curve 
(0.04 to 0.1 per cent). 
46 
It was found that M. phlei could grow in this medium 
containing Tween 80 as a sole carbon source. Figure 2 shows 
typical results of Tween 80 consumption by M. phlei. The re­
action of the medium did not change. The microscopic exam­
ination showed typical forms of M. phlei. 
A comparative study of substrates was carried out using 
the Dubos* basal medium. This medium is the same as the modi­
fied Dubos' medium except no glucose is present. Five ml. of 
the seed culture (50 hour-old, chemically defined medium 
grown) were inoculated into three different media respective­
ly. These media were as follows: 
medium A: Dubos* basal medium plus 0.5% Tween 80 and M/lOO 
of glucose 
medium b: Dubos* basal medium plus m/100 of glucose 
medium C: Dubos* basal medium plus 0.5% Tween 80. 
The content of glucose was determined periodically by the 
method described by Schaffer and Somogyi (1933). The results 
are shown in Figure 3. The reaction of the media was not 
altered. After 72 hours' incubation the cells were harvested 
by centrifugation and weighed. Averages of at least three 
experiments are shown in Table 2. 
The rate of glucose consumption is higher with medium B 
(glucose only) than with medium A (glucose plus Tween 80). 
Figure 2. Utilization of Tween 80 by M. phlei 
5 ml. of seed culture (24 hr. old) were inocu­
lated into 95 ml. of the same chemically defined 
medium containing Tween 80 as a sole carbon 
source. 
The cultures were shaken during the incubation 
at 37° C. 
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Figure 3. Consumption of glucose by M. phlei 
The flasks each contained a 100 ml. of each of 
the following media respectively. 
A: Dubos* basal medium plus 0.5% Tween 80 and 
M/100 of glucose 
B: Dubos1 basal medium plus M/lOO of glucose 
C: Dubos1 basal medium plus 0.5% Tween 80. 
Schaffer and Somogyi's method was employed for 
the determination of glucose. 
The cultural conditions were the same as in 
Figure 2. 
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The yield of cells from medium A after 72 hours however, is 
twice that of medium B. With the medium C (Tween 80 only) 
there is no detectable reducing substance. The yield, however, 
is equal to that of medium B. From these data it is obvious 
that Tween 80 can be utilized for the growth of M. phlei as 
well as glucose. These results indicate that the effect of 
Tween 80 on the submerged culture of M. phlei is not only due 
to its wetting action but also to its action as a substrate. 
Table 2. Growth of M. phlei in different media 
Composition Weight of 
Medium Dubos* basal medium plus wet cells/50 ml. 
A 0.5% Tween 80 and M/Ï00 glucose 1.24 (gm.) 
B m/100 glucose 0.62 
C 0.5% Tween 80 0.61 
According to Minami et. âJL* (1953) the tubercle bacillus 
metabolizes Tween 80 with the formation of a large amount of 
reducing substance which is not identified. Since the reduc­
ing substance could not be detected (Figure 3, C) by the 
method of Schaffer and Somogyi (1933), a more sensitive method 
described by Park and Johnson (1949) was applied. A small 
amount (6.4 jig./ml.) of reducing substance was accumulated 
after 72 hours incubation at 37°C. This amount is not compara-
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ble to that of Minami et al. (1953). They reported that the 
tubercle bacillus accumulated 204 jig./ml. of the reducing 
substance in the same medium after 15 hours. 
Although the metabolic pathway was not studied in de­
tails, M. phlei showed an ability to oxidize Tween 80 (Fig­
ure 5). 
The growth rates in the Dubos* modified medium and in 
the chemically defined medium were compared using a large 
quantity of the medium (5 liters in 12 liter-flask) respec­
tively with vigorous aeration. The growth in the simple 
medium was as good as in the complex medium. An average 
yield of the cells is 8 to 10 grams per 5 liter of a medium 
after 48 hours* incubation at 37°C. regardless of the medium 
used. 
From these results it is proved that this simple chem­
ically defined medium is suitable for the requirements of 
the experimental work. 
Metabolic pathway of glucose 
Edson (1951) proposed that Mycobacterium oxidizes glu­
cose by the Embden-Meyerhof scheme. Geronimus (1949) re­
ported that the extracts of M. smegmatis took up oxygen in 
the presence of hexosediphosphate and methylene blue. Faine 
Figure 4. Formation of reducing substance 
Medium used: Chemically defined medium contain­
ing Tween 80 as a sole source of 
carbon. 
Determination of reducing material: Park and 
Johnson's method. 
The cultural conditions were the same as in 
Figure 2. 
REDUCING SUBSTANCE 






Figure 5. Oxidation of Tween 80 by M. phlei 
Experimental conditions: Each Warburg flask 
contained 50 jimoles phosphate buffer, pH 7.2; 
0.3 ml. of 0.5% Tween 80; 1 ml. of whole cell 
suspension; total volume 1.8 ml.; 0.2 ml. of 20% 
KOH in center well; air; 37° C. The values were 
expressed as jil. of oxygen/100 mg. of wet cells. 
Endogenous values were subtracted. 
A: Dubos* modified medium grown cells; 
B: Chemically defined medium grown cells; 
C: Dubos* modified medium (containing no glucose 





et al. (1951) obtained similar results with M. phlei and M. 
smegmatis. McLaren and Jann (1955a) also came to the same 
conclusion that the Embden-Meyerhof scheme, not the hexo-
semonophosphate shunt, to be in operation for the oxidation 
of glucose. Their results were based on the fact that neither 
ribose nor 6-phosphogluconic acid was oxidized by glucose-
grown Mycobacterium 607. The gluconate-grown cells, however, 
oxidized these compounds. Cattaneo (1934) isolated pyruvic 
acid as its 2,4-dinitrophenylhydrazone from the suspension 
of M. phlei with phosphoglycerate after lengthy period of 
incubation. Contrary to these results, Volk and Myrvik (1956) 
reported the presence of all of the enzymes of the hexose-
monophosphate shunt in M. smegmatis. They could not detect 
the enzymes necessary for the Embden-Meyerhof scheme. Fur­
thermore ribose-5-phosphate was rapidly cleaved to triose 
phosphate. Therefore they concluded that the Embden-Meyerhof 
pathway may not be operating in M. smegmatis. 
Since these results are not conclusive, further inves­
tigations were carried out using whole cells and cell-free 
extracts of M. phlei. The medium used was the Dubos* modi­
fied medium containing glucose. 
Determination of oxygen uptake The oxidation of 
various compounds was measured by the manometric method. 
Each Warburg flask contained whole cells (100 mg. wet weight), 
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50 jimoles of buffer (phosphate or veronal), pH 7.0, 15 jamoles 
of substrate, and 0.2 ml. of 20 per cent KOH in a center well; 
total volume was 2.0 ml. The gas phase was air. The glucose-
grown cells oxidized gluconate at a greater rate than glucose 
either at 31°c. or 37°C. (Figures 6 and 7). With gluconate 
the oxygen uptake was higher in phosphate buffer than in 
veronal buffer, whereas with glucose no difference was observed. 
The oxidation reached a level more quickly at 37°C. (optimal 
temperature for growth) than at 31°C. The oxidation of 6-
phosphogluconate by the whole cells was very little and that 
of ribose was under the endogenous value. It is probably due 
to the permeability. In order to eliminate the factors of 
permeability and high endogenous the cell-free extracts were 
employed. 
Figure 8 shows the oxidation of various substrates in 
phosphate buffer by the cell-free extracts obtained by grind­
ing. Each Warburg flask contained 33 pioles phosphate buf­
fer, pH 7.0, 1.0 ml. of the cell-free extract, 0.2 ml. of 20 
per cent KOH in a center well, and substrate. The total 
volume was 2.0 ml. The reaction was carried out at 31°C. 
The cell-free extracts can oxidize gluconate but glucose. It 
is thought that the glucokinase was damaged during the prepa­
ration of cell-free extracts. The extracts can oxidize 
fructose-1,6-diphosphate, glucose-6-phosphate, and fructose-
Figure 6. Oxidation of glucose and gluconate by the whole 
cells of M. phlei (I) 
Experimental conditions: 31°C.; others were given 
in the text. Endogenous values were subtracted. 
0-0 Gluconate-phosphate buffer 
a-a Gluconate-veronal buffer 
x—x Glucose-phosphate buffer 
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Figure 7. Oxidation of glucose and gluconate by the whole 
cells of M. phlei (II) 
Experimental conditions: 37°C.; others were the 
same as in Figure 6. 
D-o Gluconate - phosphate buffer 
A-A Gluconate - veronal buffer 
x-x Glucose - phosphate buffer 
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Figure 8. The oxidation of various compounds by the cell-
free extracts of M. phlei 
Experimental conditions given in the test: 
A—A Fructose-1,6-diphosphate (15 pinoles) 
o — O Gluconate (9 jirooles) 
x — X Glucose-6-phosphate (30 jimoles) 
• Fructose-6-phosphate (15 jimoles) 
e—• 6-phosphogluconate (9 ^ moles) 
• Glucose (15 /imoles) 












6-phosphate. 6-Phosphogluconate was not oxidized in phos­
phate buffer. As illustrated in Figure 9, the same cell-free 
extracts oxidized 6-phosphogluconate and ribose in veronal buf­
fer. These results indicate that the presence of inorganic 
phosphates inhibits the oxidation of 6-phosphogluconate. 
Determination of reduction of phosphopyridine nucleotides 
The above results show that M. phlei possesses the enzymes 
which can oxidize the compounds of either the Embden-Meyerhof 
scheme or the hexosemonophosphate shunt. Therefore, several 
enzymes involved in these pathways were investigated. Glu­
cose -6 -phosphate dehydrogenase, 6-phosphogluconate dehydro­
genase and phosphoglucose isomerase were detected by ob­
serving the oxidation-reduction of pyridin nucleotide. The 
enzyme activities were, therefore, experssed in terms of 
change in optical density at 340 mp using a Beckman Model DU 
spectrophotometer. The basal medium contained 40 pmoles of 
glycylglycine buffer, pH 7.5, 10 pmoles of MgGl^, 0.2 ml, 
of the cell-free extract, and 0.2 jimoles of triphospho-
pyridine nucleotide (TPN). To this basal medium 20 pmoles of 
substrate was added and made up to total volume of 3.2 ml. 
with demineralized water. The basal medium without a sub­
strate was used as a control. It was found that M. phlei con­
tains these three enzymes (Figure 10). 
Figure 9. Oxidation of 6-phosphogluconate and ribose by 
the cell-free extract of M. phlei 
Experimental conditions: 50 pmoles of veronal 
buffer, pH 7.0, others were the same as in 
Figure 7. 
0-0 6-Phosphogluconate (6 jimoles) 
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Figure 10. Reduction of triphosphopyridine nucleotide 
Experimental conditions given in the text. 
a-a f-6-P (phosphoglucoisomerase) 
x-x G-6-P (glucose-6-phosphate dehydrogenase) 
0-0 6-PG (6-phosphogluconate dehydrogenase) 
















Triphosphopyridine nucleotide was reduced when fructose-
1,6-diphosphate was added to the basal medium. This reduction 
could be an indirect evidence for the presence of fructose-1,6-
diphosphatase. With glucose no reduction of tri- or diphos-
phopyridine nucleotide was detected within 10 minutes. With 
gluconate a little reduction occurred within 10 minutes 
(0.02 by optical density). With the substitution of triphos­
phopyridine nucleotide for diphosphopyridine nucleotide (DPN) 
the rate of reduction was very low, or none, indicating TPN-
specificity of glucose-6-phosphate dehydrogenase and 6-
phosphogluconate dehydrogenase. 
Aldolase The presence of aldolase was demonstrated by 
the method of Sibley and Lehninger (1949) measuring the optical 
density in a Spectronic 20 with a wave-length of 540 mji. The 
reaction mixtures contained 0.5 ml. of the cell-free extracts 
(suspended in 50 pmoles of tris buffer, pH 7.4), 150 pmoles 
of hydrazine, and 12.5 jimoles of fructose-l,6-diphosphate. 
The total volume was one ml. For the control fructose-1,6-
diphosphate was omitted. These reaction mixtures were incu­
bated at 37°C. After the desired period of time 2.0 ml. of 
10 per cent trichloroacetic acid were added to the reaction 
mixtures to stop the reaction. Then 12.5 jimoles of fructose-
1,6-diphosphate were added to the control. The proteins pre­
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cipitated were centrifuged down. To one ml. of supernatant 
1 ml. of 0.75 N NaOH and 1 ml. of 2,4-dinitrophenylhydrazine 
were added. The mixtures were incubated at 37°C. for 10 
minutes. Then the mixtures were diluted to total volume of 
10 ml. with 0.75 N NaOH. The color developed after 10 min­
utes at room temperature was measured spectrophotometrically. 
Table 3. Aldolase test 




Experimental conditions are given in the text. Table 3 in­
dicates the presence of aldolase in the cell-free extract of 
M. phlei. 
Fixation of Radioactive Carbon 
Dioxide by Cell-free Extracts 
Since Wood and Werkman (1935) proposed the Wood-Werkman 
reaction, the effect of carbon dioxide has been studied in 
connection with the metabolism. Subsequent studies have 
shown that phosphoenolpyruvate is the carbon dioxide acceptor 
in two distinct reactions, i.e. phosphopyruvic and oxalacetic 
carboxylases, for the fixation of carbon dioxide to form oxal-
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acetate. The other type of mechanisms of fixation of carbon 
dioxide revealed recently is ribulose diphosphate carboxy-
lation. In this carboxylation carbon dioxide is fixed to 
ribulose-l,5-diphosphate to form two moles of 3-phospho-
glyceric acid. These enzyme systems have been found in both 
photosynthetic and chemoautotrophic organisms. More recently 
these enzymes have been found also in some of the hetero-
trophs (Schafer, 1958; Baugh et al, 1959). The present inves­
tigation was undertaken to determine the presence of these 
enzyme systems in the acid-fast organism, Mycobacterium phlei. 
Reactions were carried out in Warburg flasks with two 
side arms, under an atmosphere of nitrogen unless otherwise 
indicated. A solution of NaHC14C>3 was added always to one 
side-arm of the flask. The main chamber contained the sub­
strate, buffer, and any additional cofactors or nucleotides. 
In a case of the exchange reaction between oxalacetic acid 
and NaHC*4(>3, the substrate (oxalacetate) was usually placed 
in one side-arm because of its instability. Air was displaced 
from the flasks by running pure nitrogen (oxygen-free) into 
the flasks for a period of 20 minutes at 31°C. The contents 
of the side arms were tipped into tne main chamber after the 
replacement of the gas phase and temperature equilibration. 
All fixation experiments were carried out with an adequate 
amount of buffer solution at 31°C. After incubation for the 
desired period of time, reactions were stopped by the addition 
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of trichloroacetic acid. The flasks were shaken vigorously 
in a hood to remove unreacted Proteins precipitated 
were centrifuged down. An aliquot of supernatant was placed 
on a glass planchet for the determination of radioactivity 
fixed. 
Fixation of radioactive carbon dioxide by cell-free extracts 
obtained from cells grown in the modified Dubos* medium 
The cell-free extracts were prepared by the sonic treat­
ment described previously. As shown in Table 4, it is im­
possible to determine the detail mechanism of fixation of 
carbon dioxide with the extracts having a high endogenous 
fixation. There is, however, no method established to iso­
late these enzymes in pure or crystalline form. Therefore 
two procedures were employed to diminish this high endogenous 
fixation. The first method involves extensive dialysis which 
requires over 60 hours, and the second one is a combination 
of fractionation and dialysis. In the previous report (Baugh 
et al., 1959) it was found that no fixation occurs without 
additional manganese to the manganese-treated extracts of M. 
phlei and that no exchange reaction between oxalacetate and 
NaHC1403 is demonstrated without an additional nucleotide to 
the system. Therefore the absence of metal ion in the ex­
tracts after an adequate dialysis was tested in an indirect 
way. The extracts were incubated with phosphoenolpyruvate 
and NaHC14C>3 under the regular experimental condition for an 
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Table 4. Fixation of carbon dioxide by the crude extracts^ 
No. Addition Activity fixed (c/m/100 jil.) 
15 hour-dialyzed extracts 
1 None 0 
2 PEP 1692 
3 PEP, MnCl2 1412 
4 PEP, MnCl2, IDP 1852 
5 PEP, MnCl2» IDP, EDTA 2290 
6 PEP, MgCl2 1576 
7 PEP, MgCl2, IDP 2628 
8 PEP, MgCl2, IDP, EDTA 2590 
34 hour-dialyzed extracts 
9 PEP 466 
10 PEP, MnCla 1602 
11 PEP, MnCl2, IDP 3652 
12 PEP, MnCl2, IDP, EDTA 2980 
13 PEP, MgCl2 510 
14 PEP, MgCl2, IDP 884 
15 PEP, MgCl2, IDP, EDTA 218 
16 PEP, IDP 590 
17 PEP, EDTA 0 
The total volume of the reaction mixture was 2.0 ml. 
The reaction was stopped after an hour period by adding 0.2 ml. 
of 50% trichloroacetic acid solution. Each flask contained 
200 jamoles of tris buffer (pH 7.4), 2.5 jimoles of NaHC1403 
(1 x lO^c/m), and 0.5 ml. of the extracts. The concentra­
tions of additional compounds were : 3 jimoles of PEP (phos-
phoenolphyruvate), 3 >imoles of IDP (inosine diphosphate), 
2 umoles of EDTA (ethylenediamine tetraacetic acid), 5 piracies 
of MgClg or MnClg. 
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hour. If there is no fixation, it is considered that the ex­
tracts are ion-free. The absence of the nucleotide were tested 
by the exchange reaction between oxalacetate and NaHC^Og in 
the presence of either manganese or magnesium ion. No fixa­
tion is considered as nucleotide-free. At the same time the 
absence of nucleotides in the extracts was determined by 
paper ionography. No endogenous substrate in the extracts as 
checked with NaHC^Og and manganese ion. The expression "no 
endogenous" in the following tables or figures indicates no 
metal ions, no nucleotides, and no residual substrates in the 
extract employed. 
Table 5. Fixation of carbon dioxide by manganese chloride-
fractionated-extracts3 
No. Addition Activity fixed (c/m/lOO jil.) 
1 None 0 
2 MnClg 104 
3 MnClg, IDP 470 
4 MgCl2 0 
5 MgCl2, IDP 74 
^The crude extracts were fractionated and the superna­
tant was dialyzed for 15 hours as described previously. Five 
tenths of the extracts (no endogenous) were used. The basal 
system contained 200imoles of tris buffer (pH 7.4), 2.5 
jumoles Cl x 107 c/m) of NaHC*403, and 3 /tmoles of PEP. The 
other conditions were the same as in Table 4. 
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Table 5 shows the presence of at least two enzyme systems 
in the extracts, which can fix carbon dioxide to phospho-
enolpyruvate. One is a nucleotide-independent system which re­
quires manganese ion, and the other is a nucleotide-dependent 
system which requires manganese or magnesium ion. 
In order to confirm the presence of at least two enzyme 
systems the exchange reaction between NaHC1403 and oxalacetate 
were determined with and without nucleotide. As shown in Table 
6 the exchange reaction does not occur without nucleotide 
added. With nucleotide, inosine triphosphate (ITP), however, 
the exchange reaction does occur in the presence of either 
manganese or magnesium ion. 
Table 6. Exchange reaction by manganese chloride-fractionated 
extracts* 
No. Addition Activity fixed (c/m/100 jil.) 
1 MnClg 0 
2 MnClg, ITP 3718 
3 MgCl2 0 
4 MgCl2> ITP 5280 
The basal system was the same as in Table 5 except 3 
jimoles of oxalacetate (QAA) instead of PEP. The concentra­
tion of inosine triphosphate (ITP) added was 3 jimoles. The 
other conditions were the same as in Table 5. 
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Liberation of inorganic phosphate Although an at­
tempt has been made to determine the liberation of inorganic 
phosphate from phosphoenolpyruvate during the fixation of car­
bon dioxide by the nucleotide-independent system using par­
tially purified extracts, it could not be shown because of 
the minute amount produced. With the crude extract (having 
a high endogenous) a continuous liberation of inorganic phos­
phate was detected. The rate of liberation, however, was 
not proportional to the fixation. The methods used for the 
determination of phosphate were Fiske and Subbarow (1925) 
and Allen*s (1940) methods. 
Requirement of metal ions Since the presence of a 
divalent metal ion is necessary for the reaction, three ions 
were tested. The results are summarized in Table 7. Either 
manganese or cobalt ions play an active role in both nucleo­
tide -dependent and independent fixations. Magnesium ions can 
be substituted only in the nucleotide-dependent system which 
is in agreement with the results obtained with manganese-
fractionated extracts (Table 5). 
The results were confirmed also by the exchange reaction 
between oxalacetate and NaHC1403. Without the addition of 
inosine triphosphate the exchange reaction did not occur in 
the presence of one of these ions (Table 8). 
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Table 7. Specificity of divalent metal ions on the fixa­
tion3 
No. Addition Activity fixed (c/m/l00 pi.) 
1 MnCl2 360 
2 MnCl2, IDP 1728 
3 MgCla 40 
4 MgCl2, IDP 918 
5 CoCl2 252 
6 CoCl2» IDP 1742 
aThe basal system contained 100 /imoles of tris buffer 
CpH 7.4), 3 /imoles of PEP, 2.5 /imoles of NaHC14C>3 (1 x 107 c/m), 
and 0.5 ml. of 64 hour-dialyzed extract containing no en­
dogenous. The other experimental conditions were the same 
as in Table 5 except 4 jimoles of CoCl2 were used. 
Table 8. Specificity of divalent metal ions on the exchange 
reaction3 
No. Addition Activity fixed (c/m/l00 /il.) 
1 MnCl2 0 
2 MnCl2, ITP 316 
3 MgCl2 0 
4 MgCl2, ITP 6066 
5 CoCl2 0 
6 C0C12, ITP 672 
^The basal system was the same as in Table 7 except 3 
/moles of OAA instead of PEP. Three /imoles of ITP were 
added. The other conditions were the same as Table 5. 
Specificity of nucleotides The reversible fixation 
of carbon dioxide into phosphoenolpyruvate by the extract 
requires inosine diphosphate as a phosphate acceptor, and the 
exchange reaction requires inosine triphosphate as a phosphate 
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donor. An attempt was made to determine the effect of the 
other type of nucleotides on the fixation. The nucleotides 
used in this experiment were inosine-, uridine-, cytidine-, 
adenosine- and guanosine-diphosphates and triphosphates. The 
abbreviations used were IDP, UDP, CDP, ADP, and GDP for di­
phosphates and ITP, UTP, CTP, ATP and GTTP for triphosphates 
respectively. The results are summarized in Tables 9 and 10. 
Table 9. Effect of various nucleotides on the fixation3 
No. Ion Nucleotide Activity fixed (c/m/l00 /il.) 
1 MnClg None 376 620c 
2 tt IDP 894 1244 
3 tt UDP 248 566 
4 « CDP 224 392 
5 tt ADP 232 226 
6 V GDP 1104 2438 
7 MgCi2 None 246 44 
8 tt . IDP 528 156 
9 tt UDP 356 146 
10 tt CDP 40 52 
11 n ADP 444 52 
12 tt GDP 682 264 
13 CoCl? None 196 284 
14 ii IDP 768 822 
15 tt UDP 574 718 
16 tt CDP 288 426 
17 it ADP 366 418 
18 « GDP 1094 1540 
^The basal system contained 100 jimoles of tris buffer 
(pH 7.4), 2 /imoles of PEP and 2.5 /imoles of NaHC*403. Two 
/imoles of nucleotide were used. 
^The results obtained from the addition of 0.3 ml. of 64 
hour-dialyzed extracts.containing no endogenous. 
crhe results obtained from the addition of 0.3 ml. of 67 
hour-dialyzed extracts (2.55 mg. protein per ml.) containing 
no endogenous. The other experimental conditions were the 
same as in Table 5. 
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Table 10. Effect of various nucleotides on tne exchange 
reaction3 
No. Ion Nucleotide Activity fixed (c/m/100 pi.) 
1 MnCla None 0 
2 tt ITP 316 
3 tt UTP 214 
4 ft CTP 82 
5 ft ATP 264 
6 ft GTP 1108 
7 MgCl2 None 0 
8 tt ITP 758 
9 tt UTP 136 
10 ft CTP 32 
11 ft ATP 214 
12 ft GTP 1168 
13 COC1, None 0 
14 ft * ITP 18 
15 tt UTP 0 
16 tt CTP 14 
17 ft ATP 34 
18 tt GTP 88 
The basal system was the same as in Table 9, except 3 
jimoles of OAA instead of PEP were used. The extracts and 
ion were placed in a side-arm together. The concentration of 
nucleotides was 2 jimoles. The extracts used were 0.3 ml. of 
67 hour-dialyzed extract containing no endogenous and 2.55 
mg* protein content/ml. The other conditions were the same 
as in Table 9. 
As shown in Table 9 inosine- and guanosine-diphosphate 
have a great effect on the fixation, especially the latter 
compound. The rate of the exchange reactions was greater with 
inosine- and guanosine-triphosphates. The effect of the other 
nucleotides seems to vary with metal ions present and with ex­
tracts. In some cases the rate of fixation was greater with 
ATP than with ITP or GTP. The reason is not known. The nu-
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cleotide-independent fixation with magnesium ions (Table 9, 
No. 7) is not in agreement with the results shown in Table 5 
and 7. The difference is thought to be due to the freshness 
of the extracts. The fresh extracts may fix carbon dioxide 
in the presence of magnesium ion. Although the crude extracts 
kept the ability to fix carbon dioxide for quite some time 
(a few months), the manganese-fractionated extracts and well-
dialyzed extracts gradually lose their enzymatic activity. It 
is also noticed in some cases that the addition of nucleotide 
does not increase the rate of fixation even with freshly pre­
pared extracts, unless reduced glutathione (GSH) is added. 
This anomaly is thought to be due to the variation of effi­
ciency of a Raytheon sonic oscillator and to dialysis. 
Effect of glutathione Since the addition of reduced 
glutathione, in some cases, stimulate the fixation of carbon 
dioxide, the effect of glutathione was tested. The results 
with 5 week-old extracts are shown in Table 11. 
The stimulating effect of reduced glutathione on the 
fixation was significant with the magnesium ion. With mag­
nesium ion reduced glutathione is required by the nucleotide-
independent system, and the presence of glutathione also stim­
ulates the nucleotide-dependent fixation. The oxidized glu­
tathione did not stimulate the reaction. Although, from Table 
5 and Table 7, it is concluded that magnesium ions can not be 
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Table 11. The effect of reduced glutathione on the fixation8 
No. Ion Addition Activity fixed (c/m/100 jiD 
1 MgCl2 None 40 
2 it GSH 388 
3 «« GSH, IDP 1142 
4 fi IDP 918 
5 CoClo None 252 
6 t* GSH 230 
7 fir GSH, IDP 1426 
8 ft IDP 1742 
9 MnCla None 360 
10 ti GSH 354 
11 tt GSH, IDP 1518 
12 ft IDP 1738 
^The basal system contained 100 pmoles of tris buffer 
CpH 7.4), 3 /moles of PEP, and 0.3 ml. of 64 hour-dialyzed 
extracts. The concentration of GSH added was 5 jimoles. The 
other conditions were the same as in Table 5. 
substituted for manganese ion in the nucleotide-independent 
fixation, this could be due to the absence of reduced gluta­
thione in the extracts. With either cobalt or manganese ions 
the addition of glutathione does not show a significant ef­
fect. Table 12 shows the results with the extractswhich have 
been kept in a freezer for a month and then dialyzed for 70 
hours. Protein content of the extract was 3.2 mg. per ml. 
Using the same extracts the optimal concentration of gluta­
thione was determined (Figure 11). The optimal concentration 
of glutathione varies with the extract and length of storage. 
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Table 12. Effect of reduced glutathione on the fixation and 
the exchange reaction3 
No. Ion Substrate Addition Activity fixed(c/m/l00 /il.) 
1 MnClo PEP None 240 
2 ti tt GSH 228 
3 tt tt GSH, IDP 1014 
4 tt it IDP 230 
5 MgCl2 tt None 0 
6 tt tt GSH 124 
7 ti tt GSH, IDP 638 
8 tt tt IDP 0 
9 MnClo OAA ITP 570 
10 tt 46 tt ITP, GSH 80 
11 MgCl2 ft ITP 182 
12 tt ft ITP, GSH 274 
aTwo tenths of ml. of the extracts were used. The other 
conditions were the same as in Table 11. 
Optimal concentration of substrate The optimal con­
centration of phosphoenolpyruvate on the fixation was de­
termined. Figure 12 shows a typical enzymatic reaction. 
Within a certain range the fixation is proportional to the 
concentration of the substrate. The rate of the fixation is 
doubled when the amount of the extract is doubled. When the 
extract was boiled for two minutes in a water bath the ac­
tivity was lost completely. 
Specificity of substrate The nucleotide-independent 
and dependent enzyme systems are similar to the phosphoenol-
Figure 11. Optimal concentration of reduced glutathione 
The basal system contained 100 pmoles of tris 
buffer (pH 7.4), 3 jimoles of PEP, 5 /imoles of 
manganese chloride, 2.5 /moles of NaHC Og(l x 
107 c/m), 3 pmoles of IDP, and 0.2 ml. of 70-hour-
dialyzed extracts (3.2 mg. protein/ml.). The 
total volume after the addition of glutathione 
was 2.0 ml. Gas phase was 100% Ng. The reaction 
was stopped after an hour by the addition of 0.2 




GSH ( j U M O L E S )  
Figure 12. Optimal concentration of substrate 
The basal system contained 100 jimoles of tris 
buffer CpH 7.4), 2.5 pmoles of NaHC1403 (lx 107 
c/m), 3 pmoles of IDP, 5 pmoles of MnCl2> and 
0.1 ml. of 67 hour-dialyzed extracts containing 
no endogenous. The concentration of PEP was 
varied. The other conditions were the same as 












pyruvic and oxalacetic carboxylase respectively. The pres­
ence of malic enzyme and malic dehydrogenase were determined 
with manganese-fractionated extracts. With either malate or 
pyruvate as a substrate the fixation could not be demonstrated 
in the presence of manganese, magnesium or cobalt ion. The 
spectrophotometry determination also did not show the presence 
of malic dehydrogenase. 
Optimal concentration of nucleotide As shown in Fig­
ure 13 maximal fixation occurs when the ratio of phosphoenol-
pyruvate and nucleotide is equimolar. The rate of fixation 
fell off sharply when this ratio was less than one and more 
slowly when greater than one. 
Optimal concentration of NaHC*403 The optimal concen­
tration of NaHC1403 was determined. Typical results are il­
lustrated in Figure 14. since the two enzyme systems have 
not been separated yet, the optimal concentration of NaHC^Og 
for the nucleotide-dependent system was plotted artificially 
by subtracting the value of nucleotide-independent fixation 
(Figure 14, c). Under the experimental conditions employed 
the maximal rate of fixations will be obtained with about 10 
jimoles of NaHC^Og. 
Optimal duration of the reaction The relationship be­
tween the fixation and the reaction period was determined. 
Figure 13. Optimal concentration of nucleotide 
Three tenths of 67 hour-dialyzed extracts (2.55 
mg. protein/ml.) were used. The other condi­
tions were the same as in Figure 11 except the 
concentration of PEP was fixed to 3 pinoles and 
the concentration of IDP was varied. 
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Figure 14. Optimal concentration of NaHC^Og 
The basal system contained 100 pmoles of tris 
buffer (pH 7.4), 5 jimoles of MnClg, 3 pmoles of 
PEP, and 0.3 ml. of 67 hour-dialyzed extracts 
(2.55 mg. proteins/ml.). The concentration of 
NaHC1403 was varied. 
n— • (A): Containing 3 jimoles of IDP 
xx (B)î Without IDP 
CC): (A) - (B) 









Figure 15» The relationship between the fixation and re­
action period 
The system contained 100 jimoles of tris buffer 
(pH 7.4), 6 jimoles of PEP, 5 pmoles of MnCl2, 
5 pmoles of NaHC^Og (2 x 10? c/m), and 0.2 ml. 
of 67 hour-dialyzed extracts. The reaction was 
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As shown in Figure 15, the reaction reaches its maximal point 
after two hours. 
Optimal concentration of manganese ion The optimum 
concentration of manganese ion on the nucleotide-independent 
system was determined using 70 hour-dialyzed extracts. The 
results are shown in Figure 16. The presence of about 6 
pmoles of the ion is required for maximal activity. The 
original phosphoenolpyruvic carboxylase requires magnesium 
ion and the presence of one pmole of the ion is necessary 
for the maximal activity of the enzyme. The higher concen­
tration of the ion causes slight inhibition (Bandurski,1955). 
Optimal pH The pH optima for the fixation reactions, 
i.e. nucleotide-independent and dependent and the exchange 
reaction were investigated. As illustrated in Figures 17 and 
18 pH optima in both cases are at neutral. It is of interest 
that the rate of fixation is very low when phosphate buffer 
is used. According to Tchen and Vennesland (1955) the rate of 
oxalacetate formation is stimulated by inorganic phosphate 
even though the stimulation is not completely reproducible 
quantitatively. The original phosphoenolpyruvic carboxylase 
has a broad pH maximum over the interval pH 7.5 to 9.5 
(Bandurski, 1955). The decarboxylation of oxalacetate with 
the presence of oxalacetic carboxylase is maximum at pH 6.4 
(Utter et al., 1954). The rate of fixation was also low with 
Figure 16. Optimal concentration of manganese ion 
Two tenths of 70 hour-dialyzed extracts (3.2 mg. 
protein per ml.) were used. The concentration 
of manganese ion was varied. The system con­
tained 100 jimoles of tris buffer (pH 7.4), 2.5 
jimoles of NaHC*403, and 3 jimoles of PEP. 
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Figure 17. pH optimum for nucleotide-independent and de­
pendent fixations 
Seventy pmoles of phosphate buffer were used for 
a pH range from 6.0 to 7.0. Tris buffer (70 
jimoles) was used between pH 7.0 and 9.0. 
x—x: Nucleotide-dependent system (containing 3 
jimoles of IDP) 
o-o: Nucleotide-independent system 
Two tenths of ml. of 67 hour-dialyzed extracts 
were used. The basal system contained 2.5 jimoles 
NaHC1403 (1 x 107 c/m), 5 /imoles of MnClg, and 3 
jimoles of PEP. The other conditions were the 
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Figure 18. pH optimum for the exchange reaction 
The experimental conditions were the same as in 
Figure 17, except 3 /imoles of OAA instead of PEP 
and ion indicated below. 
x—x: 5 jimoles of MnClg 
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glycylglycine buffer. The glycylglycine buffer stimulates 
greatly the non-enzymatic decarboxylation of oxalacetic acid 
(Utter et al., 1954). 
Products of fixation When the crude extracts were 
used the activity on a glass planchet stayed constant, indi­
cating stable end-products(s) which have not been identified. 
On the other hand when a well-dialyzed extract or manganese-
fractionated extracts were used the activity on a planchet 
decreases rapidly indicating unstable compound formation. 
From the reaction mixture in which phosphoenolpyruvate was 
added as a substrate the radioactive oxalacetate was isolated 
as its 2,4-dinitrophenylhydrazone. The identification of the 
compound was done by both paper chromatography and paper ion-
ography with radioautography. The yellow hydrazone spots of 
carrier oxalacetate had identical shapes and positions with 
the spots appearing on x-ray films. The positions of radio­
activity in the oxalacetate molecule was determined by the 
method described previously. It was found that all activity 
was in the (I -carboxyl group of oxalacetate. The reactions 
were carried out under an atmosphere of nitrogen. The main 
reason for this condition is to inhibit the operation of the 
Krebs* citric acid cycle which might occur after oxalacetate 
is formed. With well-dialyzed extracts containing no endog­
enous, however, the rate of fixation did not alter even when 
the reaction was carried out under an atmosphere of air. 
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The fixation occurs at the same rate regardless of the gas 
phase. With oxalacetate as a substrate (exchange reaction) 
the radioactive oxalacetate was isolated as its hydrazone. 
Fixation of radioactive carbon dioxide by cell-free extracts 
obtained from cells grown in a chemically defined medium 
The experiments were undertaken to determine the presence 
of the carbon dioxide fixing enzyme systems in the extracts 
of M« phlei grown in a simple chemically defined medium. The 
experimental procedures are the same as in the previous chap­
ter. As illustrated in Tables 13 and 14, the extracts fix 
carbon dioxide by, if not identical, similar reactions of the 
extracts obtained from complex medium grown cells. 
Table 13. C^Og fixation by 12 hour-dialyzed extracts3 
No. Addition Activity fixed (c/m/l00 jil.) 
1 PEP, MgCl2 1898 
2 PEP,MgCl2, EDTA 642 
3 PEP,MgClo,EDTA,IDP 3296 
4 PEP,MgCl2tIDP 1794 
5 PEP,MnCl2,EDTA,IDP 4392 
6 PEP,EDTA 0 
7 OAA,MgCl2,ITP,EDTA 1178 
8 OAA,MnClg,ITP ,EDTA 306 
^The basal system contained 100 jimoles of tris buffer 
(pH 7.3), 1.25 /imoles of NaHC1403 (5 x 106 c/m), and 0.5 ml. 
of the extracts. The other conditions were the same as in 
Table 4. 
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The results obtained from the well-dialyzed extracts are 
shown in Table 14. 
Table 14. fixation by well-dialyzed extracts3 
No. Addition Activity fixed (c/m/100 pi.) 
1 MnCl2»PEP 141 
2 MnClo » EBP, IDP 340 
3 MnClo » PEP,IDPfEDTA 72 
4 MgCl2,PEP 0 
5 MgCl2,PEP,IDP 34 
6 MgCl2,PEP,IDP,EDTA 0 
^The basal system contained 100 pmoles of tris buffer 
CpH 7.4), 20 pmoles of Na2C1403 (8.8 x 10* c/m), and 0.5 ml. 
of 17 hour-dialyzed extract containing no endogenous. The 
other conditions were the same as in Table 4. 
The experiment was carried out with Na2C 4^C^ because of 
14 the shortage in supply of NaHC 0g at this time. The specific 
activity of this sample was lower than that of NaHC1403. 
With phosphoenolpyruvate radioactive oxalacetate was 
isolated as a main product regardless of the presence or ab­
sence of added nucleotide. With non-radioactive oxalacetate 
the radioactive oxalacetate was isolated from the reaction 
mixture. These results indicate the presence of at least 
two enzyme systems, i.e. phosphoenolpyruvic and oxalacetic 
carboxylases, in the extracts of M. phlei. Two more minor 
products were detected on the x-ray film. However, these 
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compounds have not been identified yet because of their small 
radioactivities. 
Nucleotide specificity and its optimal concentration 
Since the extracts can fix radioactive carbon dioxide by a 
similar reaction described previously, the effect of other 
nucleotides was determined. The results were the same as 
with the extracts obtained from the cells grown in a complex 
medium (Table 15). Inosine and guanosine diphosphate stimu­
late the fixation. Uridine diphosphate is as effective as 
inosine diphosphate. The optimal concentration of inosine 
diphosphate is shown in Figure 19. The rate of fixation is 
maximum when the relationship between phosphoenolpyruvate 
and inosine diphosphate is equimolar. This result is in 
agreement with the former case (Figure 13). 
Table 15. Nucleotide specificity3 
No. Nucleotide Activity fixed (c/m/100 jil.) 
1 None 180 
2 IDP 454 
3 UDP 406 
4 CDP 274 
5 ADP 274 
6 GDP 824 
aTwo tenths of a ml. of 16 hour-dialyzed, manganese-
fractionated extracts were used. The other conditions were 
the same as in Table 9. The protein content of the extract 
was 0.8 mg. per ml. 
Figure 19. Optimal concentration of inosine diphosphate 
Two tenths of ml. of 16 hour-dialyzed, manganese-
fractionated extracts were used. The protein 
content of the extract was 0.8 mg./ml. The other 
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According to Tchen and Vennesland (1955) the phosphoen-
olypyruvic carboxylase loses its activity after the dialysis 
against collidine buffer whereas the oxalacetic carboxylase 
is intact. The manganese-fractionated extracts were dialyzed 
against collidine buffer (0.01 M, pH 7.4), then the activity 
was determined. This treatment caused complete inactivation 
of both enzyme systems. 
Effects of glutathione and biotin In the previous 
chapter it was found that the addition of reduced glutathione, 
in some cases, stimulated the rate of fixation of carbon di­
oxide. Biotin has been considered to have a role in the fix­
ation reaction. Since the chemically defined medium used 
contains no organic compound except Tween 80, the effects of 
biotin and glutathione were tested (Table 16). 
Table 16. Effects of glutathione and biotin3 
No. Addition Activity fixed (c/m/l00 pi.) 
1 None 283 
2 GSH 234 
3 GSH,Biotin 306 
4 Biotin 244 
5 IDP 1024 
6 IDP,GSH 1476 
7 IDP,GSH,Biotin 1438 
8 IDP,Biotin 888 
^The concentration of biotin used was 25 jig. The other 
conditions were the same as in Table 15. 
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The addition of biotin seems to cause a slight inhibi­
tion of fixation of carbon dioxide. The addition of reduced 
glutathione stimulates the rate of a nucleotide-dependent 
fixation. The addition of both glutathione and biotin seems 
to have a synergetic effect on the nucleotide-independent 
system. 
Effect of p-chloromercuribenzoate In order to deter­
mine the necessity of sulfhydryl groups for the activity of 
the enzyme systems the effect of a sulfhydryl-binding com­
pound, p-chloromercuribenzoate (p-CMB), was determined. The 
results are summarized in Table 17. 
Table 17. Effect of p-chloromercuribenzoate on the fixation 
of carbon dioxide* 
No. Addition Activity fixed (c/m/100 pi.) 
1 None 544 
2 p-CMB 0 
3 GSH,p-CMB 130 
4 GSH 398 
5 IDP 1172 
6 IDP,p-CMB 0 
7 IDP,p-CMB,GSH 200 
8 IDP,GSH 950 
®The basal system contained 100 jimoles of tris buffer 
CpH 7.4), 0.2 ml. of manganese-fractionated, 16 hour-dialyzed 
extracts, 5 jimoles of MnCl2, 6 jimoles of PEP, and 5 jimoles of 
NaHC*403 (2 x 107 c/m). The concentration of IDP was 6 jimoles 
and that of GSH was 5 jimoles. p-CMB <0.125 /imole) was placed 
in a side-arm with the extracts during the gassing. The other 
conditions were the same as in Table 4. 
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The addition of the sulfhydryl-binding compound caused 
complete inactivation of the carbon dioxide fixing enzyme 
systems. The addition of the reduced glutathione reversed 
the inhibition. When large amounts of glutathione (30 pmoles) 
were added to the systems which p-chloromercuribenzoate 
(0.125 jimoles) was added, the complete recovery of the reac­
tions, or rather increased fixations, resulted. The radio­
activities of 200 and 1844 counts per minute per 100 pi. were 
fixed by the nucleotide-independent and dependent systems re­
spectively. The increase in activity is not known. These 
results indicate the necessity of sulfhydryl groups for ac­
tivity of the enzyme. 
Effect of avidin In the previous section it was 
found that the additional biotin does not have a significant 
effect on the fixation. An attempt was made to determine 
whether or not the extracts contain enough biotin for the 
activity using a biotin-binding compound, avidin. Since avi­
din is a water-insoluble protein, ammonium sulfate or physi­
ological saline solution was used as a solvent. One mg. of 
avidin was dissolved into 1 ml. of 50% saturated ammonium 
sulfate solution. The solution was mixed with 1 ml. of the 
extract (manganese-fractionated and 16-hour-dialyzed) then 
incubated for an hour at room temperature. As a control 1 ml. 
of 50% saturated ammonium sulfate solution was added to 1 ml. 
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of the extract and treated the same way. Since the excess 
of ammonium sulfate inhibits the fixation, those reaction mix­
tures were dialyzed for 7 hours. As illustrated in Table 18, 
the addition of avidin does not effect the nucleotide-
independent fixation but on the nucleotide-dependent fixation. 
Table 18. Effect of avidin3 
No. Addition Activity fixed (c/m/l00 jil.) 
1 None 98 
2 Avidin 98 
3 IDP 494 
4 IDP, Avidin 258 
^The basal system contained 100 jimoles of tris buffer 
(pH 7.4), 2.5 jimoles of NaHC1403 (1 x 107 c/m), 3 jimoles of 
PEP, 5 jimoles of MnClg, 5 jimoles of GSH, and 0.4 ml. of the 
extracts (see text). The concentration of IDP added was 3 
jimoles. The other conditions were the same as in Table 4. 
When avidin was dissolved in physiological saline solu­
tion, no dialysis was required because of no inhibitory ac­
tion of saline solution itself on the fixation reaction. It 
was found, however, that no significant effect of avidin was 
demonstrated (Table 19). 
Pentose phosphate carboxylation 
The presence of the carboxylation reaction of ribulose 
diphosphate to give two moles of 3-phosphoglyeric acid was 
determined with the cell-free extracts of M. phlei. The re­
actions were carried out in Warburg flasks with two side arms 
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Table 19. Effect of avidin in physiological saline solution3 
No. Avidin added (jig.) Activity fixed (c/m/100 jil.) 
1 None 566 
2 62.5 536 
3 125.0 548 
4 250.0 504 
5 375.0 478 
6 500.0 504 
The conditions were the same as in Table 18, except dif­
ferent amount of avidin in physiological saline solution. 
The system contained IDP. Avidin was reacted with the ex­
tracts for an hour at room temperature. 
at 31°C. for 30 minutes. The complete system contained 10 
jimoles of ribose-5-phosphate, 15 jimoles of ATP, 10 jimoles of 
GHH, 5 jimoles of cysteine, 20 jimoles of MgClg, 2 jimoles of 
EDTA, 90 jimoles of tris buffer (ph 7.4), 40 jimoles of NaHCOj, 
5 jimoles of NaHC^Og (2 x 107 c/m), and 0.5 ml. of the un-
dialyzed extracts. The total volume was 2.0 ml. The reac­
tions were stopped by adding 0.2 ml. of 50% trichloracetic 
acid. The flasks were flushed vigorously with carbon dioxide 
for 5 minutes and with nitrogen for 5 minutes to remove un-
reacted C^Og. After the centrifugation one hundred jil. of 
the supernatants were placed on a glass planchet and the 
radioactivity counted. For a control the system without ri-
bose-5-phosphate was run at the same time. Gas phase employed 
was a mixture of 95% of nitrogen and 5% of carbon dioxide. 
Because of the unavailability of ribulose diphosphate, ribose-
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5-phosphate was used. In the presence of phosphoriboisomer-
ase and phosphoribulokinase ribose-5-phosphate is converted 
to ribulose diphosphate. No fixation was demonstrated under 
the experimental condition. 
Nucleoside diphosphokinase 
This enzyme was first demonstrated by Berg and Joklik 
(1953). The enzyme was partially purified from autolysates 
of brewers* yeast and extracts of rabbit muscle (Berg and 
Joklik, 1954). The enzyme activity was measured by coupling 
with myokinase and adenylic deaminase according to the follow­
ing reactions: 
2ATP + 2lDP«=±21TP + 2ADP (nucleoside diphosphokinase) 
2ADP x=^ATP + AMP-5* (myokinase) 
AMP-5*—>IMP-5* + NH3 (adenylic deaminase) 
ATP * 2IDP —>IMP-5* + 2ITP + NH3 (over-all) 
The rate of the reaction was measured spectrophotometrically: 
the rate of decrease in absorption at 265 mp resulting from 
the deamination of AMP-5* and of increase in absorption at 
240 mp resulting from the formation of IMP-5*. 
i 
Kurahashi et^ al. (1957), during their studies on the 
nucleoside specificity on the oxalacetic carboxylase, found 
nucleoside diphosphokinase in extracts of chicken liver mito­
chondria. The enzyme activity was determined by coupling 
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with pyruvic kinase and lactic dehydrogenase measuring the 
rate of oxidation of DPNH at 340 mjj. This method is based 
on the specificity of pyruvic kinase for various phosphate 
acceptors. According to Kurahashi e_t al. (1957) IDP is only 
one-fifth to one seventh as active as ADP as an acceptor for 
pyruvic kinase. 
Keys (1958) demonstrated the presence of the enzyme in 
wheat seedlings by chromatographic separation of nucleotides 
formed. 
Since some of the nucleotides other than inosine and 
guanosine polyphosphates have shown some activity on the fix­
ation reaction, the experiments were carried out to determine 
whether or not this effect is due to the presence of nucleo­
side diphosphokinase. All attempts to demonstrate conclusive 
evidence for the presence of the enzyme in the extracts of M. 
phlei have been unsuccessful. It was found that with commer­
cial pyruvic kinase, IDP was as active as ADP as a phosphate 
acceptor. Adenylic deaminase was prepared from rabbit muscle 
by the procedure for Preparation A of Kalckar (1947). Myo­
kinase used was either the commercial product or a prepara­
tion obtained from rabbit muscle by the procedure of Colowick 
and Kalckar (1943). With the aid of paper ionography its 
presence so far has not been demonstrated. 
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DISCUSSION 
Tween 80, a wetting agent, became a necessary ingredi­
ent for homogeneous submerged cultures of Mycobacterium since 
the discovery of its usefulness by Dubos (1945). If the ef­
fect of Tween 80 is just on the permeability of the cell sur­
face, the consumption of glucose might be accelerated by the 
presence of Tween 80. The results, however, indicate that the 
consumption of glucose is decreased by the addition of Tween 
80 even though the yield of cells is doubled under the experi­
mental conditions. The rate of growth in a medium contain­
ing both glucose and Tween 80 is the sum of that in a medium 
containing Tween 80 and that in a medium containing glucose 
only. The rate of growth in a medium containing Tween 80 
only is the same as that in a medium containing glucose only. 
The consumption of Tween 80 was measured by a simple indirect 
method. Although the chemical nature of this measurement is 
not known yet, it was found to be useful to determine the 
content of Tween 80 in the medium used. In the simple chemi­
cally defined medium containing Tween 80 as a single carbon 
source the content of Tween 80 is decreased as the organism 
grows. The rate of growth of M. phlei in the chemically de­
fined medium containing Tween 80 as an only carbon source 
and ammonium chloride as a nitrogen source is the same as that 
in a complex medium (Dubos1 modified medium). These results 
indicate that M. phlei can utilize Tween 80 for its growth as 
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well as glucose under the experimental conditions employed. 
A manometric study shows that the cultures of M. phlei 
metabolize Tween 80 with an oxgen uptake. 
A series of experiments by Dubos and Davis indicated 
that long chain fatty acids have both inhibitory and stimu­
latory effects on the growth of tubercle bacillus (Dubos and 
Davis, 1946; Dubos, 1947). Although Tween 80 stimulates the 
growth of the tubercle bacillus, it inhibits an initiation 
of growth by small inocula (a single cell to 10"8 mg.) ac­
cording to Davis and Dubos (1946) and Dubos and Davis (1946). 
This inhibition was found to be caused by its content of un-
esterified fatty acid. The inhibition can be neutralized by 
the addition of serum albumin (lipase-free) because of its 
specific capacity to bind the fatty acid (Davis and Dubos, 
1946} Dubos and Davis, 1946; Dubos, 1947; Davis and Dubos, 
1947). Davis and Dubos (1948) reported a bacteriostatic ef­
fect of filtrates of M. phlei on the growth of tubercle bacil­
lus. This bacteriostatic agent proved to be simply lipase, 
which released free oleic acid from Tween 80. From these 
findings they recommended the use of Tween 80 and tubercle 
bacillus for an exceedingly sensitive bioassay for lipase. 
There is no trace of lipase in filtrates of cultures of 
growing human tubercle bacillus. The use of Tween 80 as a 
substrate for lipase was recommended also by Archibald 
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(1946). As an inhibitory action is caused by unesterified 
oleic acid in Tween 80, the purified Tween 80 permits growth 
of small inocula. Furthermore according to Davis and Dubos 
(1947) the purified Tween 80 protects against small amounts 
of added oleic acid. Since the inhibition so far has been 
demonstrated only with small inocula and M. phlei has been 
known to oxidize oleate (Edson, 1951) the purification of 
commercial Tween 80 was not necessary in this investigation. 
M* Phlei metabolizes Tween 80 with a production of a 
small amount of reducing substance. Contrary to this result 
the tubercle bacillus produce a large amount of reducing 
substance from Tween 80 (Minami ejt al., 1953). 
The reaction of the medium did not alter under the ex­
perimental conditions. Pratt (1952a, 1952b) reported the re­
action of a simple medium became acidic when ammonium ions 
were used as a nitrogen source and this change in turn in­
hibited the growth of M. phlei. 
Minami and Yamane (1954) proposed a hypothesis that 
Tween 80 is decomposed by lipase to form oleic acid and poly-
oxyethylene derivative of sorbitol. The former compound is 
oxidized to acetate which may enter the Krebs* citric acid 
cycle. The latter compound is decomposed to give sorbitol 
which then is metabolized to triosephosphate. No attempt has 
been made to determine the chemical pathway of Tween 80 
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metabolism by M» phlei in this investigation. 
Since the rate of growth of M. phlei in the chemically 
defined medium is the same as that in the Dubos* modified 
medium and the microscopic determination shows no difference, 
it is considered as a suitable medium for the comparative 
studies on the synthesis of enzymes. 
With the whole cells of M. phlei the oxidations of glu­
cose, gluconate, ribose, and 6-phosphogluconate were deter­
mined. The first two compounds were oxidized by glucose-grown 
cells both at 31°c. and 37°C. The latter two compounds were 
not oxidized by the whole cells. At both temperatures the 
oxidation of gluconate by glucose-grown cells was greater 
than that of glucose. This result is contrary to that of Mc­
Laren and Jann (1955a). The rate of oxidation reaches maxi­
mum more quickly at 37°C. than at 31°C. It is of interest 
that the rate of oxidation of gluconate is higher in phos­
phate buffer than in veronal buffer, whereas that of glucose 
is the same in both buffer systems. McLaren and Jann (1955) 
reported a similar effect of phosphate buffer on the oxida­
tions of glucose, glucose-6-phosphate, and fructose-1,6-
diphosphate. The rate of oxidation of the latter two com­
pounds was significantly increased in veronal buffer. The 
inhibition of phosphate is not understood yet. Inability to 
oxidize ribose and 6-phosphogluconate by whole cells was 
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thought to be due to their permeabilities. Therefore cell-
free extracts were employed to determine the oxidation of 
various compounds. The cell-free extracts oxidise fructose-
1,6-diphosphate, glucose-6-phosphate, fructose-6~phosphate 
and gluconate in phosphate buffer. Inability to oxidize 
glucose by cell-free extracts might be due to the damage to 
glucokinase during the preparation of extracts. 6-Phospho-
gluconate was not oxidized even by cell-free extracts in 
phosphate buffer. However, it was found that 6-phosphoglu-
conate and ribose can be oxidized by the same extracts in 
veronal buffer. Since the concentrations of buffers and pH 
values were the same, these results indicate the inhibitory 
action of inorganic phosphates. 
The ability to oxidize gluconate, ribose, and 6-phos-
phogluconate suggests the possible existance of the hexose 
monophosphate shunt in the extracts of M. phlei. The spec­
trophotometry studies indicate the presence of phosphoglu-
coisomerase, glucose-6-phosphate dehydrogenase, 6-phospho-
gluconate dehydrogenase, and fructose-l,6-diphosphatase in 
the extracts of M. phlei. These dehydrogenases were found 
to be TPN-specific. It was also found that the extracts of 
M. phlei contain aldolase. 
These results and others (Edson, 1951; Geronimus, 1949; 
McLaren et al., 1955; Volk and Myrvik, 1956) suggest the ex-
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istance of both systems, i.e. the Embden-Meyerhof scheme and 
the hexose monophosphate shunt, in Mycobacterium. 
In the previous paper (Baugh eifc al., 1959) it was demon­
strated with the partially purified extract of M. phlei that 
the extract can not catalyze the reaction between carbon di­
oxide and phosphoenolpyruvate to form oxalacetate without the 
addition of the manganese ion and that the addition of ino­
sine diphosphate stimulates the rate of the fixation. It 
was also found that the exchange reaction between non-radio-
active oxalacetate and radioactive bicarbonate can not be 
demonstrated unless inosine triphosphate and manganese or 
magnesium ion are added. From these results the authors con­
cluded that there are at least two carboxylating systems to 
form oxalacetate in the extract of M. phlei. One is nucleotide-
independent system which requires manganese ion and is irre­
versible. The other is nucleotide-dependent system which 
requires nucleotide and manganese or magnesium ion for its 
activity and is reversible. The former is similar to phospho-
enolpyruvic carboxylase found by Bandurski and Greiner (1953). 
The latter is similar to oxalacetic carboxylase found by 
Utter and Kurahashi (1953). The present investigation was 
undertaken to determine more detail properties of the reactions 
and the effect of media for the synthesis of enzymes. 
The original phosphoenolpyruvic carboxylase obtained 
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from spinach leaves requires magnesium ion and a reducing 
agent (Bandurski and Greiner, 1953), whereas that from wheat 
germ does not show the absolute requirement for magnesium 
ions and no requirement for the reducing agent is shown 
(Tchen and Vennesland, 1955). In the latter case manganese 
can replace magnesium for the maximum activity. Although no 
absolute requirement for either manganese or magnesium was 
shown even after dialysis, the addition of EDTA inhibited the 
reaction completely in the absence of added ion. This inhibi­
tion can be recovered by adding an excess of magnesium or 
manganese ions indicating the necessity of divalent metal ion. 
They used not only the isotopic method but the spectrophoto­
metry method, with the extract of M. phlei it is impossible 
to determine the mechanism by another method than the iso­
topic method because of the small amount of fixation. With­
out an added metal ion the presence of EDTA inhibited the 
endogenous fixation by crude extracts. However, an addition 
of EDTA to crude extracts rather stimulated the nucleotide-
dependent fixation in the presence of added ion. These re­
sults indicate that EDTA takes some inhibitors from the crude 
extracts. 
With partially purified extracts the rate of fixation 
was reduced by an addition of EDTA. It was found that the 
effect of divalent metal ion varies with the freshness of ex­
tracts and with the length of dialysis. Although it was 
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thought that magnesium was inactive on the nucleotide-
independent system, the addition of reduced glutathione pro­
moted the reaction. This result apparently shows that the 
oxidation-reduction potential of the extract affects the fixa­
tion. The present study indicates that manganese, magnesium, 
or cobalt ions can fulfill the requirement of carboxylating 
enzyme systems. 
The effect of reduced glutathione is significant when 
magnesium ion is used. The oxidized glutathione does not 
have any effect. The necessity of the -SH group for the re­
actions was shown by using a sulfhydryl-binding compound, 
p-chloromercuribenzoate. Even a small amount of the inhibitor 
(0.125 jimole) can inhibit both the reactions, i.e. nucleotide-
dependent and -independent, completely. The addition of re­
duced glutathione (30 jimoles) restored the reactions com­
pletely. The optimal concentration of added glutathione seems 
to vary with the freshness of the extracts and with the pre­
paration of extracts. 
pyruvic acid can not be substituted for phosphoenolpyru-
vic acid even with ATP. Neither malic enzyme nor malic de­
hydrogenase activity was demonstrated in the partially puri­
fied extract by the spectrophotometric method. 
According to Bandurski (1955) the pH optimum for phos-
phoenolpyruvic carboxylase is between 7.5 to 9.5, whereas 
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with the extract of M. phlei it was shown to be between 7.0 
to 7.5. It is of interest that the rate of fixation is higher 
in tris buffer than any other buffers used. Tchen and Ven-
nesland (1955) reported that the rate of formation of oxal-
acetate was greater in the phosphate buffer than in the other 
buffer. Although an attempt was made to determine the pro­
duction of inorganic phosphate, it was unsuccessful due to 
its minute amount. 
Since an addition of inosine diphosphate stimulated the 
rate of reaction, the effect of other nucleotides was deter­
mined. Since the nucleotide-depending system is reversible, 
experiments were devised in two ways. One system contained 
phosphoenolpyruvate and a nucleoside diphosphate, and the 
other contained oxalacetate and a nucleotide triphosphate. 
In both cases inosine and guanosinepolyphosphates, especially 
the latter, were found to be most active. According to Kura-
hashi e_t al. (1957) the oxalacetic carboxylase reaction is 
specific for these two compounds, with the latter more active. 
The stimulation of fixation by the other nucleotides is due 
to the contamination of these compounds in commercial products 
and to the presence of nucleoside diphosphokinase in the 
preparation. On the other hand McManus (1951), with lysed 
suspension and cell-free extracts of Micrococcus lysodeikti-
cus, could not demonstrate the significant effect of nucleo-
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tide, ATP, on the oxalacetic carboxylase reaction. More re­
cently Cannata and Stoppani (1959) reported an enzyme of 
backers' yeast which is similar to oxalacetic carboxylase ex­
cept its nucleotide specificity. This enzyme reaction is only 
specific for adenosine polyphosphate. The rate of stimulation 
of other nucleotides varied with the metal ion present and 
with the extract. The inconsistency is thought to be due to 
inconsistencies of a Raytheon sonic oscillator and of frac­
tionation and dialysis. Protein contents of extracts varied 
from sample to sample. Although several attempts have been 
made to demonstrate nucleoside diphosphokinase in the extract, 
conclusive evidence has not been obtained. 
The optimal concentration of inosine diphosphate was de­
termined. The rate of fixation was maximum when the concen­
tration of nucleotide was equimolar with that of the sub­
strate, phosphoenolpyruvate. 
The optimal pH was found to be 7 in the presence of man­
ganese ion and 7.0 to 7.5 in the presence of magnesium ion. 
The slight difference is thought to be due to the effect of 
ion on the decomposition of oxalacetate. The rate of decom­
position of oxalacetate would vary with additional compounds. 
Oxalacetate should be separated from any other component un­
til the reaction is started. In this respect it is desirable 
to use a Warburg flask with more than two side arms. 
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With the partially purified extract the only radioactive 
reaction product was found to be oxalacetate. 
The comparative study, between the extract obtained from 
cells grown in a complex medium and that in a chemically de­
fined medium, has been made with respect to the synthesis of 
the carboxylation enzymes. The results indicate M. phlei 
can produce the same enzyme systems regardless of medium 
used. All results are in agreement. 
Blanchard et, al. (1950) suggested that biotin may be in­
volved in the synthesis of the specific enzymes that mediate 
the fixation reaction. Since the chemically defined medium 
does not contain any organic compound except Tween 80, if 
biotin is involved, it is a logical assumption that M. phlei 
can produce biotin in a simple medium. Landy and Dicken 
(1941) and Pope and Smith (1946) reported the ability of 
mycobacteria to synthesize biotin and other vitamins on a 
simple medium. With the study of growth inhibition Pope and 
Smith (1950) concluded that p-aminobenzoic acid and biotin 
are essential factors in the metabolism of the tubercle 
bacillus. Biotin has been thought to play a role in the fix­
ation of carbon dioxide. Therefore the effect of biotin was 
determined. The results show that additional biotin has a 
slight inhibitory action on the fixation. However, the re­
sults indicate a synergetic relationship between biotin and 
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glutathione on a nucleotide-independent system. 
Avidin, biotin-binding compound, was used to determine 
the participation of biotin in the fixation. The results in­
dicated that avidin did not inhibit the nucleotide-independent 
system but did inhibit the nucleotide-dependent system. The 
complete inhibition has not been obtained. This could be 
due to the unfavorable condition for the reaction between 
avidin and biotin, or a presence of biotin-like substance 
which is unaffected by avidin. Burk and Winzler (1943) iso­
lated this type of compound from urine of several animals. 
Pentose phosphate carboxylating system could not be 
demonstrated in the extract of M. phlei. 
From the evidence presented in the present study, the 
cell-free extract of M. phlei contains at least two carboxy­
lating enzyme systems. One is a nucleotide-independent system 
similar to phosphoenolpyruvic carboxylase found by Bandurski 
and Greiner (1953) and the other is a nucleotide-dependent 
system similar to oxalacetic carboxylase found by Utter and 
Kurahashi (1953). Both enzyme systems are responsible for 
the Wood-Werkman reaction. The presence of these enzyme 
systems is of great interest because of their relationship to 
the Krebs* citric acid cycle which involves amino acid meta­
bolism. 
In order to draw an assumption on the role of the Wood-
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Werkman reaction in the Krebs* citric acid cycle, an open 
system is so considered that reactions occur just inside of 
a system, and the reactants and the energy are transferable 
between an inside and an outside of a system. The whole 
system is thought to be under constant temperature and pres­
sure. Under a steady state (dynamic equilibrium) entropy is 
minimal. This means that the change in concentration of re­
actants is zero. The exchange of substances between the 
Krebs* cycle and the pool of amino acid metabolism will break 
this steady state (dynamic equilibrium). However, if the 
Vtfood-Werkman reaction is in operation the whole system could 
keep a steady state. Therefore, the Wood-Werkman reaction 
could be a controlling system of the Krebs* cycle. This con­
trolling mechanism, in turn, could be one of the key mechan­
isms for controlling the metabolic flow of pyruvate oxidation. 
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SUMMARY AND CONCLUSION 
1. The effect of Tween 80, a wetting agent, on the growth 
of Mycobacterium phlei is due not only to its wetting action 
but also to its properties as a substrate. 
2. M. phlei metabolises Tween 80 with an oxygen-uptake 
and with a production of a small amount of unidentified re­
ducing substance. 
3. M. phlei grows in a chemically defined medium con­
taining Tween 80 as a single carbon compound and ammonium 
chloride as a single nitrogen compound as well as in a complex 
medium, such as Dubos1 modified medium. 
4. Whole cells of M. phlei (glucose-grown) oxidize 
gluconate and glucose. The rate of oxidation of these com­
pounds is accelerated at 37°c. compared with 31°C. 6-Phos-
phogluconate and ribose can not be oxidized by the whole cell. 
The rate of oxidation of gluconate is greater in veronal buf­
fer than in phosphate buffer. 
5. The cell-free extract oxidizes fructose-l,6-diphos-
phate, gluconate, glucose-6-phosphate, and fructose-6-phosphate 
in phosphate buffer. 
6. The cell-free extract can not oxidize 6-phosphogluco-
nate in phosphate buffer. However either 6-phosphogluconate 
or ribose can be oxidized by the extract in veronal buffer. 
These results indicate the inhibitory action of inorganic 
phosphates. 
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7. The cell-free extract contains phosphoglucoisomerase, 
glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehy­
drogenase, fructose-l,6-diphosphatase, and alsolase. These 
dehydrogenases are TPN-specific. 
8. The extract of M. phlei possesses at least two car-
boxylation systems which catalyze the reaction between phos-
phoenolpyruvate and carbon dioxide. One is a nucleotide-
independent system similar to phosphoenolpyruvic carboxylase 
and is irreversible. The other system is a nucleotide-
dependent system similar to oxalacetic carboxylase and is re­
versible. 
9. For both reactions a divalent metal ion is absolute­
ly required. Magnesium, manganese or cobalt ion fulfills tne 
requirement. 
10. The rate of fixation of carbon dioxide by a nu­
cleotide -dependent system is greater with guanosine and ino­
sine polyphosphate, especially the former. The optimal con­
centration of a nucleotide is found to be equimolar with the 
substrate, phosphoenolpyruvate. The effect of other nucleo­
tides such as adenosine, cytidine, and uridine polyphosphates, 
varies with divalent ion present and with preparations. 
11. The requirement of sulfhydryl group for both car-
boxylation systems is demonstrated by sulfhydryl-binding 
compound, p-chloromercuribenzoate. This inhibition can be 
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completely recovered by the addition of reduced glutathione. 
The rate of requirement for added glutathione without the in­
hibitor varies with the freshness of extracts and with the 
method of preparation. 
12. The optimal pH for a nucleotide-independent system 
is pH 7 to 7.5. The optimal pH for a nucleotide-dependent 
system is pH 7.0 in the presence of manganese ion and pH 7.0 
to 7.5 in the presence of magnesium. The rate of each re­
action is greater in tris buffer than any other buffer used. 
13. With the manganese-fractionated extract the end-
product of both fixation systems is found to be oxalacetate. 
With phosphoenolpyruvate two more minor compounds are found 
in the reaction mixture in some cases. These compounds are 
not identified. 
14. These two enzyme systems are specific for phospho­
enolpyruvate. Pyruvic acid with or without adenosine poly­
phosphate or malic acid can not be substituted. 
15. Neither malic dehydrogenase nor malic enzyme are 
demonstrated in the manganese-fractionated extracts. 
16. M. phlei can synthesize these two enzyme systems 
even when the organism is grown in a chemically defined 
medium containing Tween 80 as a single carbon source. 
17. The additional biotin does not have a significant 
effect on either system. The presence of a relationship be­
tween biotin added and reduced glutathione is indicated. 
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18. The addition of avidin does not affect a nucleotide-
independent system. The slight inhibition is observed with 
a nucleotide-dependent system. 
19. A pentose phosphate carboxylating system has not 
been demonstrated with the extract obtained from Dubos* modi­
fied medium. 
20. Conclusive evidence for the presence of nucleotide 
diphosphokinase has not been obtained. 
131 
LITERATURE CITED 
Ajl, S. J. and Werkman, C. H. 
1948. Replacement of cog in heterotrophic metabolism. 
Arch. Biochem. 19, 483-492. 
Ajl, S. J. and Werkman, C. H. 
1949. On the mechanism of carbon dioxide replacement in 
heterotrophic metabolism. J. Bacteriol. 57, 
579-593. 
Allen, R. J. L. 
1940. The estimation of phosphorus. Biochem. J. 34, 
858—865. 
Archibald, R. M. 
1946. Determination of lipase activity. J. Biol. Chem. 
165, 443-448. 
Aronoff, S. 
1956. Techniques of radiobiochemistry. Ames, Iowa, 
Iowa State College Press. 
Aubert, J. P., Milhaud, G., and Millet, J. 
1956. Métabolism du carbone dans la chimioautotrophie. 
Mode d'incorporation de l'anhydride carbonique. 
Compt. rend. 242, 2059-2062. 
Bachhawat, B. K. and Coon, M. J. 
1957. The role of adenosine triphosphate in the enzy­
matic activation of carbon dioxide. J. Am. Chem. 
Soc. 79, 1505-1506. 
Bachhawat, B. K. and Coon, M. J. 
1958. Enzymatic activation of carbon dioxide. I. Crys­
talline carbon dioxide-activating enzyme. J. 
Biol. Chem. 231, 625-635. 
Bachhawat, B. K., Robinson, W. G., and Coon, M. J. 
1955. The enzymatic cleavage of /?-hydroxy- /3-methyl-
glutaryl coenzyme A to acetoacetate and acetyl 
coenzyme A. J. Biol. Chem. 216, 727-736. 
Bandurski, R. S. 
1955. Further studies on the enzymatic synthesis of 
oxalacetate from phosphorylenolpyruvate and car­
bon dioxide. J. Biol. Chem. 217, 137-150. 
132 
Bandurski, R. S. and Axelrod, B. 
1951. The chromatographic identification of some biologi­
cally important phosphate esters. J. Biol. Chem. 
193, 405-410. 
Bandurski, R. S. and Greiner, C. M. 
1953. The enzymatic synthesis of oxalacetate from phos-
phorylenolpyruvate and carbon dioxide. J. Biol. 
Chem. 204, 781-786. 
Bandurski, R. S. and Lipmann, F. 
1956. Studies on an oxalacetic carboxylase from liver 
mitochondria. J. Biol. Chem. 219, 741-752. 
Bassham, J. A., Benson, A. A., and Calvin, M. 
1950. The path of carbon in photosynthesis. VIII. The 
role of malic acid. J. Biol. Chem. 185, 781-787. 
Bassham, J. A., Benson, A. A., Kay, L. D., Harris, A. Z., 
Wilson, A. T., and Calvin, M. 
1954. The path of carbon in photosynthesis. XXI. The 
cyclic regeneration of carbon dioxide acceptor. 
J. Am. Chem. Soc. 76, 1760-1770. 
Baugh, C. L., Myoda, T., Bates, D., and Werkman, C. H. 
1959. Mechanisms of carbon dioxide fixation by cell-
free extracts of heterotrophic and photosynthetic 
bacteria. Iowa State J. Sci. 34, 113-118. 
Benson, A. A., Bassham, J. A., Calvin, M., Goodale, T. C., 
Hass, V. A., and Stepka, W. 
1950. The path of carbon in photosynthesis. V. Paper 
chromatography and radioautography of the prod­
ucts. J. Am. Chem. Soc. 72, 1710-1718. 
Berg, P. and Joklik, W. K. 
1953. Transphosphorylation between nucleoside polyphos­
phates. Nature 172, 1008-1009. 
Berg, P. and Joklik, W. K. 
1954. Enzymatic phosphorylation of nucleoside diphos­
phates. J. Biol. Chem. 210, 657-672. 
Bergstrom, S., Theorell, H., and Davide, H. 
1946. Effect of some fatty acids on the oxygen uptake 
of Mvcobact. tubercul. hum, in relation to their 
bactericidal action. Nature, 157, 306-307. 
Blakley, R. L. 
1952. Citrate formation in Mycobacterium phlei. J. Bac­
terid. 64, 609-617. 
133 
Blanchard, M. L., Korkes, S., del Camplillo, A., and Ochoa, S. 
1950. Function of biotin in the metabolism of Lacto­
bacillus arabinosus. J. Biol. Chem. 187, 875-
890. 
Boissevain, C. H. 
1926. The action of unsaturated fatty acids on tubercle 
bacilli. Am. Rev. Tuberc. 13, 84-89. 
Brodie, A. F. 
1959. Oxidative phosphorylation in fractionated bac­
terial systems. I. Role of soluble factors. J. 
Biol. Chem. 234, 398-404. 
Brodie, A. F. and Gray, C. T. 
1955. Oxidative phosphorylation in a bacterial extract. 
Biochim. et Biophys. Acta 17, 146-147. 
Brodie, A. P. and Gray, C. T. 
1956a. Phosphorylation coupled to oxidation in bacterial 
extracts. J. Biol. Chem. 219, 853-862. 
Brodie, A. P. and Gray, C. T. 
1956b. The role of particulates and solubilized factors 
in oxidative phosphorylation by bacterial ex­
tract. Bacteriol. Proc. 1956, 62-63. 
Brodie, A* F» and Gray, C. T. 
1957. Bacterial particles in oxidative phosphorylation. 
Science 125, 534-537. 
Broquist, H. P. and Snell, E. E. 
1951. Biotin and bacterial growth. I. The relation to 
aspartate, oleate and carbon dioxide. J. Biol. 
Chem. 188, 431-444. 
Broquist, H. P. and Snell, E. E. 
1953. Biotin and bacterial growth. II. Avidin and the 
response of Lactobacillus arabinosus to oleic 
acid. Arch. Biochem. and Biophys. 46, 432-442. 
Burk, D. and VJinzler, R. F. 
1943. Heat-labile, avidin-uncombinable species specific 
and other vitamers of biotin. Science 97.* 57-60. 
Calvin, M. and Benson, A. A. 
1948. The path of carbon in photosynthesis. Science 
107, 476-480. 
134 
Calvin, M. and Massini, P. 
1952. The path of carbon in photosynthesis. XX. The 
steady state. Experientia 8, 445-457. 
Cannata, J. and Stoppani, A. 0. M. 
1959. Adenosine polyphosphate requirement of bakers' 
yeast phosphopyruvate carboxylase. Biochim. et 
Biophys. Acta 32, 284-285. 
Cattaneo, C. 
1934. Uber die Einwirkung von Timotheebakterien auf 
die linksdrehende Glycerinsaûre-mono-phosphorsatire. 
Biochem. Z. 270, 382-385. 
Cohn, M. L., Oda, U., Kovitz, C., and Middlebrook, G. 
1954. Studies on isoniazid and tubercle bacilli. I. The 
isolation of isoniazid-resistant mutants in 
vitro. Am. Rev. Tuberc. 70, 465-475. 
Colowick, S. P. and Kalckar, H. M. 
1943. The role of myokinase in transphosphorylation. 
I. The enzymatic phosphorylation of hexoses by 
adenylpyrophosphate. J. Biol. Chem. 148, 117-
126. 
Coon, M. J. 
1955. Enzymatic synthesis of branched chain acids from 
amino acids. Federation Proc. 14, 762-764. 
Corper, H. J., Gauss, H., and Rensch, O. B. 
1921. Studies on the influence of carbon dioxide on 
resistance to tuberculosis; the effect of carb" \ 
dioxide on the tubercle bacillus. Am. Rev. 
Tuberc. 5, 562-587. 
Davies, R. 
1940. The effect of carbon dioxide on the growth of 
the tubercle bacillus. Brit. J. Exptl. Pathol. 
21, 243-253. 
Davis, B. D. and Dubos, R. H. 
1946. Interaction of serum albumin, free and esterified 
oleic acid and lipase in relation to cultivation 
of the tubercle bacilli. Arch. Biochem. 11, 201-
203. 
135 
Davis, B. D. and Dubos, R. J. 
1947. The binding of fatty acids by serum albumin. A 
protective growth factor in bacteriological media. 
J. Exptl. Med. 86, 215-228. 
Davis, B. D. and Dubos, R. J. 
1948. The inhibitory effect of lipase on bacterial 
growth in media containing fatty acid esters. 
J. Bacterid. 55j 11-23. 
Drea, W. P. and Andrejew, A. 
1953. The metabolism of the tubercle bacilli. Spring­
field, Illinois, Charles C. Thomas, Publisher. 
Dubos, R. J. 
1945. Rapid and submerged growth of mycobacteria in 
liquid media. Proc. Soc. Exptl. Biol. Med. 58, 
361-362. 
Dubos, R. J. 
1947. The effect of lipids and serum albumin on bac­
terial growth. J. Exptl. Med. 85, 9-22. 
Dubos, R. J. and Davis, B. D. 
1946. Factors affecting the growth of tubercle bacilli 
in liquid medium. J. Exptl. Med. &3, 409-423. 
Ebina, T., Nakamura, T., and Inomata, D. 
1938. Influence des compositions gaziéres sur la 
croissance des bacilles acido-résistants. Tohoku 
J. Exptl. Med. 32, 1-9. 
Edson, N. L. 
1947. The oxidation of lactic acid by Mycobacterium 
phlei. Biochem. J. 41, 145-151. 
Edson, N. L. 
1951. The intermediary metabolism of the mycobacteria. 
Bacterid. Rev. 15, 147-182. 
Pager, E. W., Rosenberg, J. L., and Gaffron, H. 
1950. Intermediates in photosynthesis. Federation 
Proc. 9, 535-542. 
Faine, S., Whiteside, M., and Edson, N. L. 
1951. The carbohydrate metabolism of the mycobacteria. 
Proc. Univ. Otago Med. School 29, 18-19. 
136 
Fink, R. M. and Pink, K. 
1948. Radiocarbon and filter-paper partition chroma­
tography. Science 107, 253-254. 
Fiske, C. H. and Subbarow, Y. 
1925. The colorimetric determination of phosphorus. 
J. Biol. Chem. 66, 375-400. 
Foster, J» W. 
1951. Autotrophic assimilation of carbon dioxide. In 
Werkman, C. H. and Wilson, P. w., eds. Bacterial 
physiology, pp. 361-403. New York, New York, 
Academic Press, Inc. 
Franke, W., Lee, L., and Kibat, D. 
1949. zum Stoffwechsel der sâurefesten Bakterien. II. 
tiber das Verhalten der ungesâttigten Fettsâuren. 
Biochem. Z. 316, 313-334. 
Fuller, R. C. 
1956. The carboxylation of ribulose diphosphate by cell-
free extracts of Escherichia coll. Bacteriol. 
Proc. 1956, 112. 
Geronimus, L. H. 
1949. Studies on oxidative systems in mycobacteria with 
special emphasis upon the employment of cell-free 
extracts. Unpublished Ph.D. Thesis. Columbus, 
Ohio. Library, Ohio State University. 
Gladstone, G. P., Fildes, P., and Richardson, G. M. 
1935. Carbon dioxide as an essential factor in the 
growth of bacteria. Brit. J. Exptl. Pathol. 16, 
335-348. 
Goldman, D. S. 
1956a. Enzyme systems in the mycobacteria. I. The iso-
citric dehydrogenase. J. Bacteriol. 71, 732-736. 
Goldman, D. S. 
1956b. Enzyme systems in the mycobacteria. II. The 
malic dehydrogenase. J. Bacteriol. 72, 401-405. 
Goldman, D. S. 
1957. Enzyme systems in the mycobacteria. III. The 
condensing enzyme. J. Bacteriol. 73, 602-607. 
Goldman, D. S. 
1958a. Enzyme systems in the mycobacteria. V. The py­
ruvic dehydrogenase system. Biochim. et Bio­
phys. Acta 27, 513-518. 
137 
Goldman, D. S. 
1958b. Enzyme systems in the mycobacteria. IV. The 
pyruvic oxidase. Biochim. et Biophys. Acta 27, 
506-512. 
Gornall, A. G., Bardawill, C. S., and David, M. M. 
1949. Determination of serum proteins by means of the 
biuret reaction. J. Biol. Chem. 177, 751-766. 
Gray, C. T., Gordon, L. E., and Birkeland, J. M. 
1948. Effect of fatty acids and their esters on the res­
piration of tubercle bacilli. Bacteriol. Proc. 
1948, 84-85. 
Gregory, G. F. 
1955. A method for rapidly transferring a substance on 
paper to the origin of a chromatorgam. Science 
121, 169. 
Halpern, Y. S. and Grossowicz, N. 
1957. Hydrolysis of amides by extracts from mycobacteria. 
Biochem. J. 65, 716-720. 
Holmgren, N. B., Millman, I., and Youmans, G. P. 
1954. studies on the metabolism of Mycobacterium tuber­
culosis. VI. The effect of Krebs* tricarboxylic 
acid cycle intermediates and precursors on the 
growth and respiration of Mycobacterium tubercu­
losis. J. Bacteriol. 68, 405-410. 
Horecker, B. L., Hurwitz, J., and Weissbach, A. 
1956. The enzymatic synthesis and properties of ribulose 
1,5-diphosphate. J. Biol. Chem. 218, 785-794. 
Hug, D. H. 
1956. Role of carbon dioxide in the synthesis of amino 
acids by a photosynthetic bacterium in the dark. 
Unpublished Ph.D. Thesis. Ames, Iowa. Library, 
Iowa State University of Science and Technology. 
Hurwitz, J., Weissbach, A., Horecker, B. L., and Smyrniotis, 
1956. P. Z. Spinach phosphoribulokinase. J. Biol. 
Chem. 218, 769-783. 
Kalckar, H. M. 
1947. Differential spectrophotometry of purine com­
pounds by means of specific enzymes. III. Studies 
of the enzymes of purine metabolism. J. Biol. 
Chem. 167, 461-475. 
138 
Kalnitsky, G., Utter, M. F., and Werkman, C. H. 
1945. Active enzyme preparations from bacteria. J. 
Bacteriol. 4£, 595-602. 
Kalnitsky, G. and Werkman, C. H. 
1944. Enzymatic decarboxylation of oxalacetate and 
carboxylation of pyruvate. Arch. Biochem. 4, 
25-40. 
Kempner, W. 
1939. Oxygen tension and the tubercle bacillus. Am. 
Rev. Tuberc. 40, 157-168. 
Keys, A. J. 
1958. Uridine diphosphokinase in wheat seedlings. Bi­
ochem. J. 70, 11P-12P. 
Koch, R. Die Aetiologie der Tuberculose. Berl. klin. 
1882. Wochensch. 19, 221-230. 
Kuiahashi, K., Pennington, R. J., and Utter, M. F. 
1957. Nucleotide specificity of oxalacetric carboxy­
lase. J. Biol. Chem. 226, 1059-1075. 
Kusunose, M., Kusonose, E., and Yamamura, Y. 
1952. Studies on the tricarboxylic acid cycle in tu­
bercle bacillus. J. Biochem. (Japan) 39, 34. 
Kusunose, M., Nagai, S., Kusunose, E., and Yamamura, Y. 
1956. Succinic dehydrogenase in the particulate frac­
tion of Mycobacterium avium. J. Bacteriol. 72, 
754-761. 
Landy, M. and Dicken, D. M. 
1941. Biotin syntnesis by microorganisms. Proc. Soc. 
Exptl. Biol. Med. 46, 449-452. 
Lardy, A., Potter, R. L., and Elvehjem, C. A. 
1947. The role of biotin in bicarbonate utilization by 
bacteria. J. Biol. Chem. 169, 451-452. 
Lascelles, J., Cross, M., and Woods, D. D. 
1954. Folic acid and serine nutrition of Leuconostoc 
mesenteroides P60. J. Gen. Microbool. 10, 267-
5531 
Lichstein, H. C. and Umbreit, W. W. 
1947. A function for biotin. J. Biol. Chem. 170, 
329-336. 
139 
Lyman, C. M., Mosely, 0., Wood, S., Butler, B., and Haie, F. 
1947. Some chemical factors which influence the amino 
acid requirement of the lactic acid bacteria. J. 
Biol. Chem. 167, 177-187. 
MacLeod, P. R. and Lardy, H. A-
1949. Metabolic functions of biotin. II. The fixation 
of carbon dioxide by normal and biotin-deficient 
rats. J. Biol. Chem. 179, 733-741. 
Masur, B. L. 
1926. Zur Biologie des Tuberkelbazillus. Centralbl, 
f. Bakteriol. 1. 99, 46-52. 
McDonald, H. J., Lappe, R. J., Marbach, E. P., Spitzer, R. H., 
1955. and Urbin, M. C. Ionography. Electrophoresis 
in stabilized media. Chicago, Illinois, The Year 
Book Publishers, Inc. 
McLaren, L. C. and Jann, G. J. 
1955a. Studies on the metabolism of the acid-fast bac­
teria. I. Indication of intermediate pathways 
of glucose dissimilation by Mycobacterium 607. 
Am. Rev. Tuberc. %1, 260-265. 
McLaren, L. C. and Jann, G. J. 
1955b. Studies on the metabolism of the acid-fast bac­
teria. II. Indications of intermediate pathways 
of acetate oxidation. Am. Rev. Tuberc. 71, 266-
271. 
McManus, I. R. 
1951. A study of carbon dioxide fixation by Micrococcus 
lysodeikticus. J. Biol. Chem. 188, 729-740. 
Melville, D. B., Pierce, J. G., and Partridge, C. W. H. 
1949. The preparation of C14-labeled biotin and a study 
of its stability during carbon dioxide fixation. 
J. Biol. Chem. 180, 299-305. 
Middlebrook, G., Cohn, M. L., and Schaefer, W. B. 
1954. Studies on isoniazid and tubercle bacilli. III. 
The isolation, drug-susceptibility, and catalse-
testing of tubercle bacilli from isoniazid-
treated patients. Am. Rev. Tuberc. 7£, 852-872. 
Milhaud, G., Aubert, J. P., and Millet, J. 
1956. Métabolisme du carbone dans la chimioautotrophie. 
Cycle d*assimilation de 1*anhydride carbonique. 







and Youmans, G. P. 
Studies on the metabolism of Mycobacterium tuber­
culosis. VII. Terminal respiratory activity of 
an avirulent strain of Mycobacterium tuberculosis 
J. Bacteriol. 68, 411-418. 
and Youmans, G. P. 
The characterization of the terminal respiratory 
enzymes of the H37Ra strain of Mycobacterium 






Bactericidal action of oleic acid for tubercle 
bacilli. I. Quantitative and analytical survey 
of the action. J. Bacteriol. 73, 338-344. 
Bactericidal action of oleic acid for tubercle 
bacilli. II. Morphological response. J. Bac­
teriol. 73, 345-352. 
Minami, K., Nakasaki, S., and Honda, T. 
1955a. Effects of the composition of Tween containing 
medium on the growth of tubercle bacilli. Fuku-
shima J. Med. Sci. 2, 193-198. 
Minami, K., Takahashi, Y., and Yamane, I. 
1955b. Effect of the size of inoculum on the growth of 
tubercle bacilli in Tween containing medium. 







and Yamane, I. 
The metabolic process of Tween 80 by the tubercle 
bacillus, (in Japanese, translated title) Sym­
posia on Enzyme Chemistry 10, 93-102. 
and Yamane, I. 
Tween 80 as a metabolite for tubercle bacilli. 
4. The investigation on the metabolic process of 
Tween 80 by means of the adaptive cells of tu­
bercle bacilli. Fukushima J. Med. Sci. 2, 13-17. 
Yamane, I., and Yasui, T. 
Effect of Tween 80 on the growth and the metabolism 
of tubercle bacilli. 1. The metabolism of Tween 80 
by the resting cells, (in Japanese, translated 




Holm-Hansen, O., Pon, N.G., Nishida, K., and 
Calvin, M. 
Photosynthetic uptake of labelled carbon dioxide 
by sub-cellular components of spinach leaves. 
Biochem. J. 72, 19p-20p. 
Myers, D. K., Kemp jun A., Toi, J. W., and De Jonge, M. H. T. 
1957a. Studies on ali-esterases. 6. Selective inhibitos 
of the esterases of brain and saprophytic my­
cobacteria. Biochem. J. 6J5, 232-241. 
Myers, D. K., Toi, J. W., and De Jonge, M. H. T. 
1957b. Studies on ali-esterases. 5. Substrate specifi­
city of the esterases of some saprophytic myco­
bacteria. Biochem. J. 6J5, 223-232. 
Novy, F. 
1925. 
and Soûle, M. H. 
Microbic respiration. II. Respiration of the 
tubercle bacillus. J. Infect. Diseases 36, 
168-232. 
Ochoa, S. 
1952. Enzymatic mechanisms of carbon dioxide fixation. 
In Sumner, J. B. and Myrbâck, K., eds. The en­
zymes. Vol. 2, pp. 929-1032. New York, New 
York, Academic Press, Inc. 
Ochoa, S., Mehler, A., Blanchard, M. L., Jukes, T. H., Hoff­
man, C. E., and Regan, M. 
1947. Biotin and carbon dioxide fixation in liver. J. 
Biol. Chem. 170, 413-414. 
Oliver, I. T. and Peel, J. L. 
1956. Myokinase activity in microorganisms, 
et Biophys. Acta 20, 390-392. 
Biochim. 
Ory, R. L. and Lyman, C. M. 
1955. Synthesis of tyrosine and phenylalanine by Lacto­
bacillus arabinosus. J. Bacteriol. 69_, 508-515. 
Pappenheimer, A. M., Jr., and Hottle, G. A. 
1940. Effect of certain purines, and COg on growth of 
strain of group A hemolytic streptococcus. Proc. 
Soc. Exptl. Biol. Med. 44, 645-649. 
Park, J. T. and Johnson, M. J. 
1949. A submicrodetermination of glucose. J. Biol. 
Chem. 181, 149-151. 
142 
Patnode, R. A. 
1954. Tissue fatty acids and their possible relation­
ship to the natural resistance of rabbits to in­
fection with human-type tubercle bacilli. Am. 
Rev. Tuberc. 69_, 710-723. 
Platonov, G. 
1930. The influence of unsaturated fatty acids on the 
virulence of tubercle bacilli. Am. Rev. Tuberc. 
69, 710-723. 
Pope, H. and Smith, D. T. 
1946. Synthesis of B-complex vitamins by tubercle 
bacilli when grown on synthetic media. Am. Rev. 
Tuberc. 54, 559-563. 
Pope, H. 
1950. 
and Smith, D. T. 
Inhibition of growth of tubercle bacilli by cer­






Nutrition of Mycobacterium phlei. I. Requirements 
for rapid growth. J. Bacteriol. £4, 651-658. 
Nutrition of Mycobacterium phlei. 




Richardson, H. B., Shorr, E., and Loebel, R. 0. 
1931. Comparative studies in the respiratory metabolism 
of various acid-fast bacilli. Trans. National 
Tuberculosis Assoc. 27_7 205-210. 
Robinson, H. W. and Hogden, C. G. 
1940. The biuret reaction in the determination of serum 
proteins. I. A study of the conditions neces­
sary for the production of a stable color which 
bears a quantitative relationship to the protein 
concentration. J. Biol. Chem. 135, 707-731. 
Rockwell, G. E. and Highberger, J. H. 
1926. Carbon dioxide as a factor in the growth of the 
tubercle bacillus and of other acid fast organ­
isms. J. Infect. Diseases 3J3, 92-100. 
143 
Rockwell, G. E. and Highbergez, J. H. 
1927. The necessity of carbon dioxide for the growth of 
bacteria, yeasts and molds. J. Infect. Diseases 
40, 438-446. 
Banter, M. and Vishniac, W. 
1955. CO2 incorporation by extracts of Thiobacillus 
thioparus. Biochim. et Biophys. Acta 18, 15V-158. 
Schaefer, W. B. 
1957. Studies of the inhibiting effect of CO2 on the 
growth of two mutant strains of Mycobacterium 
tuberculosis. J. Bacteriol. 73, 52-55. 
Schaefer, W. B., Cohn, M. L., and Middlebrook, G. 
1955. The roles of biotin and carbon dioxide in the 
cultivation of Mycobacterium tuberculosis. J. r  
Bacteriol. 69^, 706-712. 
Schafer, W. J. 
1958. Fixation of COg by heterotrophic bacteria. Un­
published M. S. Thesis. Ames, Iowa. Library, 
Iowa State University of Science and Technology. 
Schaffer, P. A. and Somogyi, M. 
1933. Copper-iodometric reagents for sugar determina­
tion. J. Biol. Chem. 100, 695-713. 
Shive, W. and Rogers, L. L. 
1947. Involvement of biotin in the biosynthesis of ox­
alacetic and ot-ketoglutaric acids. J. Biol. 
Chem. 169, 453-454. 
Sibley, J. A. and Lehninger, A. L. 
1949. Determination of aldolase in animal tissues. J. 
Biol. Chem. 177, 859-872. 
Stokes, J. L., Larsen, A., and Gunness, M. 
1947. Biotin and the synthesis of aspartic acid by 
microorganisms. J. Biol. Chem. 167, 613-614. 
Sutton, W. B. 
1954. Isolation and properties of a lactic oxidative 
decarboxylase from Mycobacterium phlei. J. Biol. 
Chem. 210, 309-320. 
Sutton, W. B. 
1955. Sulfhydryl and prosthetic groups of lactic oxida­
tive decarboxylase from Mycobacterium phlei. J. 
Biol. Chem. 216, 749-761. 
144 
Sutton, W. B. 
1957. Mechanism of action and crystallization of lactic 
oxidative decarboxylase from Mycobacterium phlei. 
J. Biol. Chem. 226, 395-405. 
Suzuki, I. 
1958. Fixation of carbon dioxide by chemoautotrophic 
bacteria. Unpublished Ph.D. Thesis. Ames, Iowa. 
Library, Iowa State University of Science and 
Technology. 
Suzuki, I. and Werkman, C. H. 
1957. phosphoenolpyruvate carboxylase in extracts of 
Thiobacillus thiooxidans, a chemoautotrophic bac­
terium. Arch. Biochem. and Biophys. 72, 514-515. 
Suzuki, I. and Werkman, C. H. 
1958a. Chemoautotrophic fixation of carbon dioxide by 
Thiobacillus thiooxidans. Iowa State Coll. J. 
Sci. 32, 475-3531 "" 
Suzuki, I. 
1958b. 
and Werkman, C. H. 
Chemoautotrophic carbon dioxide fixation by ex­
tracts of Thiobacillus thiooxidans. I. Formation 
of oxalacetic acid. 
76, 103-111. 
Arch. Biochem. and Biophys. 
Tchen, T. T. and Vennesland, B. 
1955. Enzymatic carbon dioxide fixation into oxalacetate 
in wheat germ. J. Biol. Chem. 213, 533-546. 
Tolhurst, J. C. 
1958. The effect of the medium on the cultivation of 
Mycobacterium balnei at 37°. J. Gen. Microbiol. 
18, 295-301. 
Traub, A. and Lichstein, H. C. 
1956. Cell permeability. A factor in the biotin-oleate 
relationship in Lactobacillus arabinosus. Arch 
Biochem. and Biophys. <32, 222-233. 
Trudinger, P. A. 
1955. Phosphoglycerate formation from pentose phosphate 
by extracts of Thiobacillus denitrificans. 
Biochim. et Biophys. Acta 18, 581-582. 
145 
Trudinger, P. A. 
1956. Fixation of carbon dioxide by extracts of the 
strict autotroph Thiobacillus denitrificans. 
Biochem. J. 64, 274-286. 
Umbreit, W. W., Burris, R. H., and Stauffer, J. F. 
1949. Manometric techniques and tissue metabolism. 
2nd ed. Minneapolis, Minnesota. Burgess Pub­
lishing Co. 
Utter, M. F. and Kurahashi, K. 
1953. Mechanism of action of oxalacetic carboxylase 
from liver. J. Am. Chem. Soc. %5, 758. 
Utter, M. P. and Kurahashi, K. 
1954a. Purification of oxalacetic carboxylase from 
chicken liver. J. Biol. Chem. 207, 782-802. 
Utter, M. F. and Kurahashi, K. 
1954b. Mechanism of action of oxalacetic carboxylase. 
J. Biol. Chem. 207, 821-841. 
Utter, M. P., Kurahashi, K., and Rose, I. A. 
1954. Some properties of oxalacetic carboxylase. J. 
Biol. Chem. 207, 803-819. 
Valley, G. 
1928. The effect of carbon dioxide on bacteria. Quart. 
Rev. Biol. 3, 209-224. 
Valley, G. and Rettger, L. F. 
1927. The influence of carbon dioxide on bacteris. J. 
Bacteriol. 14, 101-137. 
Vishniac, W., Horecker, B. L., and Ochoa, S. 
1957. Enzymic aspects of photosynthesis. Advances in 
Enzymol. 19, 1-77. 
Volk, W. A. and Myrvik, Q. N. 
1956. Intermediary metabolism of glucose by Mycobacteri­
um smegmatis. Am. Rev. Tuberc. 73, 589-592. 
Walker, D. A. 
1957. Physiological studies on acid metabolism. 4. Phos-
phoenolpyruvic carboxylase activity in extracts 
of Crassulacean plants. Biochem. J. £7, 73-79. 
Weissbach, A., Horecker, B. L., and Hurwitz, J. 
1956. The enzymatic formation of phosphoglyceric acid 
from ribulose diphosphate and carbon dioxide. 
J. Biol. Chem. 218, 795-810. 
146 
Werkman, C. H. 
1951. Assimilation of carbon dioxide by heterotrophic 
bacteria. In Werkman, C. H. and Wilson, P. W., 
eds. Bacterial physiology, pp. 404-427. New 
York, New York, Academic Press, Inc. 
Werkman, C. H. and Wood, H. G. 
1942. Heterotrophic assimilation of carbon dioxide. In 
Nord, F. F. and Werkman, C. H., eds. Advances 
in enzymology and related subjects. Vol. 2, 
pp. 135-182. 138. New York, New York, Inter-
science Publishers, Inc. 
Wessman, G. E. and Werkman, C. H. 
1950. Biotin in the assimilation of heavy carbon in 
oxalacetate. Arch. Biochem. 26_, 214-218. 
Wherry, W. B. and Ervin, D. M. 
1918. The necessity of carbon dioxide for the growth 
of B. tuberculosis. J. Infect. Diseases 22, 
194^197. 
Williams, W. L., Broquist, H. P., and Snell, E. E. 
1947. Oleic acid and related compounds as growth fac­
tors for lactic acid bacteria. J. Biol. Chem. 
170, 619-630. 
Winder, p. G. and Denneny, J. M. 
1956. phosphorus metabolism of mycobacteria. Deter­
mination of phosphorus compounds in some myco­
bacteria. J. Gen. Microbiol. 15, 1-18. 
Winder, F. G. and Denneny, J. M. 
1957. The metabolism of inorganic polyphosphate in my­
cobacteria. J. Gen. Microbiol. 17, 573-585. 
Woessner, J. F., Jr., Bachhawat, B. K., and Coon, M. J. 
1958. Enzymatic activation of carbon dioxide. II. Role 
of biotin in the carboxylation of /3-hydroxy-
isovaleryl coenzyme A. J. Biol. Chem. 233, 
520-523. 
Wood, H. G. 
1946. The fixation of carbon dioxide and the interre­
lationships of the tricarboxylic acid cycle. 
Physiol. Rev. 26, 198-246. 
Wood, H. G. and Werkman, C. H. 
1938. The utilization of CO2 by the propionic acid bac­
teria. Biochem. J. 32, 1262-1271. 
147 
Wood, H. G. and Werkman, C. H. 
1935. The utilization of COg by the propionic acid bac­
teria in the dissimilation of glycerol. J. Bac­
terid. 30, 332. 
Yamamura, Y., Kusunose, M., and Kusunose, E. 
1952. Lactic oxidase of Mycobacterium tuberculosis 
avium. J. Biochem. (Japan) 39, 227-233. 
Yamamura, Y., Kusunose, M., Nagae, S., and Kusunose, B. 
1954. Studies on the tricarboxylic acid cycle of tu­
bercle bacillus. 1. Some properties of the enzyme 
systems. J. Biochem. (Japan) 431, 513-528. 
Yamamura, Y., Kusunose, M., Nagai, S. Kusunose, £., Yamamura, 
1955. Y., Jr., Tani, J., Terai, T. and Nagasuga, T. 
Biochemical studies on the particulate fraction 
from Mycobacterium tuberculosis avium. Med. J. 
Osaka University (Japan) 489-499. 
Yamane, I., Minami, K., and Yasui, T. 
1953. Effect of Tween 80 on the growth and the metabolism 
of tubercle bacillus. 2. A medium containing 
Tween as a single carbon source for the tubercle 
bacillus. (In Japanese, translated title) 
Fukushima Med. J. 3, 87-94. 
Yamane, I. and Yasui, T. 
1954. Tween 80 as a metabolite for tubercle bacilli. 
3. Some applications utilizing Y. M. Y. medium. 
Fukushima J. Med. Sci. 1_, 113-116. 
Youmans, A. S., Millman, I., and Youmans, G. P. 
1956. The oxidation of compounds related to tricar­
boxylic acid cycle by whole cells and enzyme 
preparations of Mycobacterium tuberculosis var. 
hominis. J. Bacteriol. 71,"365-570. 
148 
ACKNOWLEDGMENT 
The author wishes to express his appreciation to Dr. 
C. H. Werkman for his guidance, encouragement, and suggestions, 
and facilities provided for advanced study. 
Gratitude is expressed to Dr. I. Suzuki, C. L. Baugh 
and other fellow graduate students for aid in technical mat­
ters and for their interest and cooperation during this in­
vestigation. 
